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PDMS Poly dimethyl siloxane 
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PMMA Poly methyl methacrylate 
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RH Relative humidity 
RMS Root mean square  
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SEM Scanning electron microscopy 
SFM Scanning force microscopy 
SLIPS Slippery liquid-infused porous surfaces 
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TEM Transmission electron microscopy 
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1. Introduction 
1.1. Motivation 
In the 21
st 
century, it has become one of the biggest challenges to make proper utilization of the 
limited resources in the planet. Energy, as the most important raw material of the modern society, 
must be both efficient and ecologically produced. Hydroelectric power plants, wind turbines and 
solar systems are a major step in the direction of "green" electricity. In spite of considerable 
progress in this field, a big problem, limiting their everyday use, is the icing of rotor blades in 
wind turbines or surfaces of solar cells. Icing is also a major problem in other technologies such 
as transport (aircrafts, cars), and energy supply (high-voltage power lines, air conditioning), 
where it causes increased energy consumption and failure. The icing in moist air has been 
recognized as a fundamental problem, and methods need to be developed to reduce the risk. 
Many aspects of icing are still not clearly understood due to the complexity of the process. It is a 
complex process, which depends on environmental conditions as well as physical properties of 
the water.
1
 
To solve the icing problems, active deicing method involving chemical, thermal and mechanical 
techniques such as hot water spraying, mechanically removing the ice from surfaces, high voltage 
electricity
2
 have been used. All these methods are not optimal as they are connected with 
problems such as high energy consumption, hazards to the environment, high economic costs and 
the repeatability of the process. Design of passive anti-icing coatings is the most favorable 
solution of this problem which prevents icing but does not require power consumption.
3, 4
 Such 
surfaces are typically based on reduction of the ice adhesion strength or inhibition of the ice 
growth. Therefore, development of ice-phobic surface is becoming a research topic with 
considerable attention due to the serious safety issues poses after ice formation on the surface. In 
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recent years, researchers have been working on similar topics with a rapidly increasing interest, 
as indicated by the number of articles per year (Figure 1). 
 
Figure 1 : Number of articles in each year for the topic “ice-phobic” or “anti-icing surfaces” 
(Obtained from web of science).  
Most of the research was focused on reducing ice adhesion strength and delay of ice growth on 
the surface, which was  achieved by the design of hydrophobic,
5
 superhydrophobic surfaces,
6, 7, 8, 
9, 10, 11, 12
 or the use of hydrophobic lubricants
13
. In the first case (hydrophobic and 
superhydrophobic surfaces), the contact areas between the surface and ice have been reduced.
14, 
15, 16
 In the second case (hydrophobic lubricants), ice has a low growth rate as well as low 
adhesion to the surface, and thus can be easily removed.
12, 13, 17, 18
 Reduced ice growth can be 
achieved in two ways. The first way is to use the colligative properties of solutions.
19, 20
 For 
example, hydrophilic polymers reduce the water freezing point, and ice crystals can simply slide 
out due to the presence of the unfrozen water layer.
21
 The second way is to use antifreeze 
proteins, which kinetically decrease the ice crystal formation rate.
22
 In spite of that, certain 
problems are still open for discussion such as: 
(1) Whether superhydrophobic surfaces are best for ice-phobicity? 
(2) How surface topography influences ice nucleation mechanism and ice growth? 
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(3) How elastic properties of polymers influence ice growth and adhesion? 
(4) Mechanical stability or robustness of the ice-phobic surfaces. 
Furthermore, an efficient development of passive anti-icing coatings requires deep understanding 
of the interactions of the surfaces with ice: its nucleation, growth, adhesion, and thawing. In order 
to address these questions, detailed investigations of the synergy of effects of chemical and 
mechanical properties as well as geometry/topography of structured surfaces are necessary. Since 
icing is related to the wetting of surfaces, understanding of the water contact angle dependence 
on temperature is important.
23
  It was found that adhesion of ice to superhydrophobic surfaces 
may be large
17
 or small, and depends on the surface roughness.
24
 The second important 
phenomenon is ice nucleation. It was found that the surface ice nucleation rate on an unmodified 
hydrophilic silicon wafer surface is about one order of magnitude lower than that on a 
perfluorosilane-modified hydrophobic surface at the same temperature.
25
 Freezing time delay 
increases with increasing contact angle on hydrophobic surfaces,
14, 26
 and decreases with 
increasing roughness on hydrophilic surfaces.
26
 Thus, surface topography and 
hydrophobicity/hydrophilicity were demonstrated to play a crucial role in icing. On the other 
hand, the structure of such surfaces is typically irregular 
11, 14, 16, 24, 26
 which makes a comparison 
of different kinds of rough surfaces difficult. Therefore, thorough investigations of the ice phobic 
performance of surfaces with variation of these parameters need to be performed.  
In fact, very few research works have been published on the direction of special control of 
condensation and freezing of water droplets on the surfaces with different chemical, 
topographical and mechanical properties. Density of the ice layer has been changed by changing 
the hydrophilic or hydrophobic behavior of the surface which will effect on the adhesion between 
the ice and the substrates.
27, 28
 So, by varying the surface pattern and wettability one can control 
the freezing kinetics as well as ice adhesion strength. According to the classical nucleation 
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theory, there is a possibility to control the nucleation kinetics during freezing of the condensed 
water droplets. Freezing kinetics and morphology of the ice crystals are depending on the surface 
geometry and chemical composition of the underneath surface. For this purpose, there are plenty 
of reports describing the preparation of different structured surfaces with hydrophobic and 
superhydrophobic properties using photolithography, plasma etching, and colloidal particles.
29
 
Among different methods, preparation of structured surfaces based on the deposition of particles 
deserves a particular attention due to its cost effectiveness. Moreover, colloidal particles, which 
are the main component of paints, can easily be applied to coat large areas of materials as well as 
to form complex shapes. Spherical particles and raspberry like-particles are the most favorable 
choices to design such types of structured surfaces. Such particles are usually used in industrial 
coatings as additives and fillers, which make the investigation of icing on surfaces based on 
colloidal particles of high practical importance. The advantage of such systems is that roughness 
parameters are defined by the size of particles and can easily be predicted. Such findings can 
open a new possibility to design an ice phobic surface with well decorated surface structure 
(single, double and multi-texture) and wettability. 
1.2. Objectives of the work 
Therefore, this work aims at the controlled design of well-defined surfaces and systematic 
investigation of the effects of chemical composition, surface geometry and topography, as 
well as elastic properties on the kinetics of formation of an ice layer, ice growth, ice 
adhesion, as well as ice thawing.  
Accordingly, the first part of this work focuses on the preparation of robust well-defined 
chemically and topographically structured surfaces based on core-shell colloidal particles with 
different size (20, 200 and 1000 nm) and geometry. Evaluation of the surface properties such as 
5 
 
wettability, morphology, topography, roughness as well as ice-phobic behavior was investigated 
on them. Chemical composition of the surfaces has been varied by modifying the flat and particle 
surfaces with polymers having different mechanical properties (glass transition temperature and 
modulus of elasticity). In the second part, structured surfaces have been prepared with complex 
colloidal particles such as raspberry-like particles. Surface characterization and ice-phobic 
properties of structured surfaces have also been carried out for each system. In the third part, 
inverse surfaces based on colloidal particles have been produced by using inverse colloidal 
templating. Afterwards, lubricated surfaces were developed from them and investigate with 
respect to their wetting and ice-phobic behavior. Finally, in the fourth part comparisons of ice-
phobic behavior of all surfaces have been completed and the best one has been identified. For this 
purpose, we built a set-up for icing and deicing tests, kinetics of ice growth experiments and ice 
adhesion strength measurement.  There are two types of condensation mechanism which are 
involved in the formation of an ice layer on the surface (vapour phase and liquid phase 
condensation). Here we focused on vapour phase condensation of water droplets at high humidity 
conditions. 
 
Figure 2 : Schematic representation of the objective. 
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1.3. Outline 
The thesis consists of four main chapters: General introduction of problem of icing, motivation 
and objective of the current work are presented in Chapter 1. 
Theoretical background of anti-icing surfaces and experimental methods of their characterization 
are described in Chapter 2. Experimental methods to characterize obtained coatings and 
materials are also presented in this chapter. 
Chapter 3 is dealing with the results of systematic investigations of the influence of chemical 
and topographical and mechanical properties on the ice phobic behavior of the surfaces. This is 
subdivided into four parts where first part consolidates with preparation and ice phobic behavior 
of structured surface based on plain spherical core-shell particle. Second part is about the 
complex structured surface with raspberry-like particles. In the third part, study of the ice phobic 
properties on inverse porous structured and lubricant impregnated surfaces is presented. Finally, 
in the fourth part, ice-phobic behaviors of all surfaces are compared and the best one is identified. 
The conclusions of this work as well as possible outlook for the future research are presented in 
Chapter 4. 
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2. Theoretical Background 
2.1. State of the art 
2.1.1. Introduction 
Atmospheric icing occurs when supercooled water droplets (droplets cooled below the freezing 
point of water) or wet snow, formed by the vapour phase condensation of water freeze upon 
impact with exposed surfaces. Icing on different surfaces is a complex phenomenon which is still 
not thoroughly understood. Three major forces as hydrogen bonding, van der Waals   force and 
electrostatic force of interactions are responsible to the ice formation onto the contact surface.
30
 
The mechanism of icing of super cooled water droplets onto the contact surface also depends on 
the size of water droplets, substrate temperature and properties of the surface. Depending on them 
two types of icing phenomenon were found as precipitation icing by liquid phase condensation 
and in-cloud icing by vapour phase condensation of droplets.
31
     
Liquid phase condensation 
Liquid phase condensation occurs mostly of the clouds in the atmosphere which results the 
freezing rain, drizzles and wet snow. They formed precipitation icing upon contact with the 
exposed surface. Precipitating water droplets are not freeze immediately upon contact with the 
substrate they spread all over the surface before freezing even though they are super cooled in 
nature. Therefore, they formed the solid, high density layer of transparent glaze ice.  
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Figure 3 : Glaze ice, adapted from
32
 
The rate of formation of this type of ice layers is much higher than the others. Several researches 
have been carried out to understanding the effects of various substrates on delay of ice nucleation 
formation by liquid phase condensation.
16, 25
 This type of layer has much higher density and they 
are better conductor of electricity which is a great threat to the operation of electrical networks.
1
 
Vapour phase condensation 
Vapour phase condensation or deposition of water vapour from the cloud results the formation of 
either soft rime or hard rime depending on the condition of atmospheric temperature, humidity, 
size of the droplets and temperature and also nature of the exposed surface.
1, 33
 This type of ice 
has low density, more floppy and opaque in nature. Their adherence to the surface is lower than 
the glaze ice because their freezing rate is faster than rate of impinging droplets to the surface. 
They didn’t have the enough time to spread all over the surface before freezing. This type of 
condensation is mostly common at higher altitude where high humidity and low temperature 
region is exists. When they deposited to the surface immediately they have frozen onto the 
substrate due to this behavior air is entrapped into the ice structure. If more air is trapped into the 
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structure softer will be the rime but if impinging droplet rates is faster than freezing time than 
they have time wet to the surface which results bubble free hard rime will be formed.
34
    
 
Figure 4 : Soft rim and hard rim, adapted from
35, 36
 
Icing from super cooled water vapour in the atmosphere can have destructive consequences in 
our daily lives, from cars, aircrafts, to infrastructure, power line, cooling and transportation 
systems.
37, 38
 That effects both in socioeconomic losses and loss of human lives.  There are 
several examples, such as ice accumulation on over headed power lines lead to severe problems 
like, insulator flashover, wire breakage and collapsing towers.  
 
Figure 5: Icing on an electric power line in Norway in April 1961
31
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Flight  3407 crashed in Buffalo, NY where 49 people on board and one person on the ground 
have been died due to the extensive ice formation on the wings, which results increase of drag 
and lead to loss of lift force.
39
 Ice accumulation on wind turbine blades can reduce half of its 
annual production due to the increase of load on the blades and tower structures which leads to 
the high amplitude vibration and mass imbalance. Structural damages have also been occurred 
due to the massive ice formation on their blades in the high altitude regions with cold climate.
37, 
38, 40
 
Aspects of ice-phobic surfaces 
Ice layer could be form by drop wise or film wise condensation depend on the wettability of 
surface, surface chemistry and textures.
41
 Drop wise condensation on superhydrophobic surface 
showed a greater effect towards ice-phobic behavior as they can be easily shed off due to the non-
wetting properties of the surface. Those surfaces have a combine effect of roughness and 
hydrophobicity to achieve an extreme non-wetting behavior due to the minimum contact area 
with the surface to the droplets.
42, 43, 44
 Environmental conditions such as temperature, humidity 
and atmospheric pressure are greatly influence the ice-phobic behavior. 
In accordance to the above-mentioned factors, introducing some nano- to-micro scale roughness 
on the surface either by mechanical roughening or by using some modified particles we could 
achieve effective anti-icing surfaces with higher contact angle and low hysteresis value. Surfaces 
with nano-scale roughness display better ice phobicity than large hierarchical roughness.
26, 45
 Ice-
phobic surfaces mostly devoted to utilize lotus-leaf-inspired superhydrophobic coatings. It has 
been shown that the use of lotus-leaf-inspired superhydrophobic surface show promising 
behavior to reduce ice formation and adhesion due to their low contact area between the 
impacting water droplets and the surface.
14, 46, 47
 Recent studies have also been shown that these 
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surfaces were failed in high humidity condition due to the water condensation and frost formation 
on a large surface area leads to higher ice-adhesion strength.
26, 48
 Therefore, recently Aizenberg et 
al.
13
 demonstrated  an  ice-repellent coating based on slippery, liquid-infused porous surfaces 
(SLIPS) on Al-substrate which suppress ice/frost accretion by effectively removing condensed 
moisture even in high-humidity conditions (60% relative humidity) and  also exhibit lower ice 
adhesion strength. Chen et al. reported a robust prototypical anti-icing coating with a self-
lubricating liquid water layer (SLWL) between the ice and the sample surface to reduce ice 
adhesion.
17, 21
  Several mechanisms have been proposed to explain delayed ice growth or reduced 
ice adhesion strength on the surface.
4, 49
 Thus, the ideal anti-icing surfaces would be one on 
which impinging water droplets would be rebound off or condensed droplets would be self-
removed (by gravity or wind action)  before ice nucleation occurs. So, detailed knowledge about 
the surface wettability, freezing kinetics and ice adhesion has been required to develop an ideal 
ice phobic surface. 
2.1.2. Relationship between water wettability and ice adhesion 
Despite the prevention of the icing problems, the fundamentals of ice adhesion have received 
relatively little attention due to complex phenomena of water condensation and ice adhesion. It is 
not clearly understood which attributes must be tuned to design ice phobic surface that are 
resistance to icing. From the state of the art, it was found that ice repellent behavior is associated 
with the combination of surface wettability and roughness. The relationship between water 
contact angles and the strength of ice adhesion is interconnected. Ice adhesion strength correlates 
strongly with the practical work of adhesion required to remove liquid water droplet from the 
surface which is depends on the wettability of the surface
5
 .Wettability refers to the response of a 
solid surface when it is brought into contact with liquid. It involves the interaction of a liquid to 
the solid with the formation of a contact angle at the solid-liquid-air interface.
50, 51
 Whether the 
12 
 
liquid will penetrate through the surface or roll off from the surface it depends on surface tension, 
surface energy and the contact angle between the liquid and solid surface. For ice phobic surfaces 
advancing and receding contact angle and contact angle hysteresis (difference between advancing 
and receding) are the most important parameters to characterize their wetting behavior.  
Several approaches have been developed to measure the contact angle of water when it is brought 
in contact with the solid surface. When a water droplet come into contact with the solid surface a 
part of the solid-air interface is replaced by the solid-liquid interface over the same area. Then the 
solid-air interfacial energy is reduced by the solid-liquid interfacial energy. Young 
52
proposed a 
simple model  of wetting for an absolutely smooth and chemically homogeneous surface by the  
equation (1):       γlv cosθe = γsv − γsl    (Equation 1) 
where γsv, γlv and γsl are the interfacial tension of the solid-vapour, liquid-vapour and soild-liquid 
interfaces, respectively and θe is the equilibrium contact angle on a smooth surface.   
Wetting properties of non-ideal surface is more complex because of chemical and topographical 
heterogeneity of the surface. Liquid droplet on such surfaces can form different shapes depending 
on the chemical functionality and roughness of the surface and also conditions of the droplet 
formation. The problem of wetting on rough surfaces was invented by Wenzel
53, 54
 and Cassie.
55, 
56
 They have illustrated the fact that when a water droplet placed onto the non-ideal rough surface 
whether it will penetrate through the grooves of rough structure or it will stay on the top of the 
asperities.  
13 
 
 
Figure 6 : Illustration of (a) Wenzel and (b) Cassie-Baxter states. θW and θCB refer to the contact 
angles on rough substrate for Wenzel and Cassie-Baxter states respectively.
57
 
Wenzel demonstrated the equation to measure the contact angle on a rough surface by 
considering the entire surface under the droplet when it is penetrating through the surface.  He 
stated that the actual solid-liquid contact area under the droplet is higher in case of rough surface 
rather than smooth one. He explained by introducing the equation (2): 
    cosθw =  rscosθe      (Equation 2) 
Where θW is the apparent contact angle on a rough surface of the given material in Wenzel state, 
rs is the roughness factor defined as ratio between the real or actual surface area and geometrical 
surface area. For the flat surface the value of rs is 1 where Wenzel equation explained same as 
like Young equation but for rough surface the value must be greater than 1 according to Wenzel 
state of wetting. Therefore, equation (2) predicts the Wenzel contact angle will increase with 
increasing roughness for hydrophobic surface (where intrinsic contact angle for smooth surface 
>90
o
) while it will decrease in opposite case. Wenzel equation is not enough to explain the 
experimental observations of increasing advancing contact angle with roughness and decreasing 
receding contact angle for the same surface. Hence, the equation cannot be described the 
relationship between roughness and hysteresis.
50, 58, 59
  
a b 
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Cassie and Baxter described the wetting behavior of a rough structured surface. They assumed air 
pockets entrapped into the rough structure which played a significant role during contact angle 
measurement. According to them the water droplet sits on the tip of composed surface due to this 
behavior the apparent contact angle of the rough surface (θCB) is related to the equilibrium 
contact angle (θe) of the same surface which they have explored by the equation (3): 
      cos θCB =  ∅scos θe − ( 1 − ∅s )    (Equation 3) 
Where, 𝜙s is the fraction of solid surface in contact with the liquid. The value of 𝜙s lies in 
between 0, droplet does not penetrate through the grooves to 1 where complete wetting takes 
place.
60
 Johnson and Dettre
61, 62, 63, 64, 65
 proposed the concept of energy barrier between 
metastable states related to the contact angle. This concept is more important to determine contact 
angle hysteresis. The heights of energy barriers are almost directly proportional to the height of 
asperities. The energy barrier for Cassie surfaces are much lower than Wenzel one. They 
predicted a sharp transition occurred from Wenzel to Cassie state with increasing roughness but 
hysteresis increases up to the critical roughness of the surface after that it started to decrease.
58
  
Moreover, the concept of hysteresis occurred due to the inhomogeneity of the surface including 
chemical heterogeneity and roughness. In most of the cases the static contact angle is not enough 
to explain the wetting behavior of a rough surface due to the interfacial defects of the surface 
either chemical or physical irregularities. So, the dynamic wetting behavior includes two contact 
angle advancing and receding one. During the droplet inflation to the surface the volume and 
contact angle of the droplet increases but the contact area to the surface will not changes until it 
reaches the threshold value. The angle made during this inflation is called advancing contact 
angle (θA) which measured the wetting ability of the surface. Similarly, a threshold contact angle 
value is obtained during deflation where the volume and contact angle of the droplet will 
15 
 
decrease but the contact area remains unchanged until it begins to recede, which made receding 
contact angle (θR).
66, 67, 68
 The difference between them is corresponds to the contact angle 
hysteresis (Δθ =θA-θR).
69, 70
 When the advancing and receding contact angle is more than 150
o
 
and hysteresis is less than 5
o
 then, this surface is considered to be superhydrophobic surface.
14, 71
 
Sliding angle or tilt angle is also depends on the contact angle hysteresis (CAH)
13, 72
 which is an 
indirect method of measuring surface adhesion to the liquid. The value of tilt angle gives an idea 
about the how sticky the surface is. Sliding angle value is calculated by tilting the surface from 0
o
 
to 90
o
 after placing a droplet with certain volume. When the tilt angle reaches a certain critical 
value the droplet will lose its grip and start moving down along the surface. This critical angle is 
called sliding angle or roll off angle which essentially depends on the contact line between the 
droplet and the surface. If contact line between them is higher than the CAH will also be higher 
which influence to make higher sliding angle. That means there is a higher energy barrier to 
resistance the flow which makes the water droplet sticker to the surface.
73
 Furmidge explored the 
relationship between sliding angle and CAH by the equation.
74
 
 mg
Sinα
w
=  γlv (cosθR − cosθA )    (Equation 4) 
where, m is the mass of the droplet, w is the width of the droplet perpendicular to the sliding 
direction, α is the sliding angle  and γlv is the interfacial tension between liquid and vapour. Mass 
of the droplet is also playing an important role to determine the sliding angle value. With 
increasing droplet volume the size of the droplet will increase which reduce the droplet retention 
angle. For ideal water repellent surfaces we want CAH and Sliding angle as minimum as 
possible. If there is no hysteresis then droplet will easily slide off by little tilted to the surface. 
But Gupta et al mentioned that it is impossible to achieve contact angle hysteresis less than 1 
because there will always be some hysteresis due to certain surface roughness and molecular 
16 
 
heterogeneity.
75
 From the thermodynamic point of view, wettability can be considered as the free 
energies associated with the formation and elimination of the interfacial areas.
76, 77
 The 
equilibrium work of adhesion (We) is associated with the reversible free energy required for the 
creation and destruction of the interfaces. We can be calculated by using Young-Dupre equation
5, 
52, 78
       We = γlv(1 + cosθe)     (Equation 5) 
This equation may not describe typical process such as, the forces required to remove Wilhelmy 
plates from liquids where θR is involved to separate the surfaces.
79
 Therefore, Gao and 
McCarthy
80, 81
 suggested that the work of adhesion could be quantified by using the equation (6) 
               WP = γlv(1 + cosθR)     (Equation 6) 
where, WP referred as the “ practical work of adhesion” since it involves the actual work required 
to separate a liquid from a surface. WP is always greater than We, since [1+cosθR] is always larger 
than [1+cosθe].  
Murase and co-workers
82, 83
 concluded from their work generally lower ice-adhesion strengths 
were obtained for the samples with lower We, although significant scatter was observed in the 
data. Furthermore, Kulinich and Farzaneh
84, 85
 reported a linear correlation between ice-adhesion 
strength and water CAH. It was also reported that ice-adhesion strength has approximately linear 
relationship with the dimensionless parameter [1+cosθR], consistent with WP.
86
 From the state of 
art it can be conclude that practical work of adhesion of water has a significant role in ice 
adhesion strength. While due to the lack of literature report it is not possible to reach a specific 
conclusion that whether ice adhesion strength depends more strongly with sliding angle or with 
static contact angle.
5
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2.1.3. Mechanisms of ice nucleation 
To design the ice-phobic surface it is essential to understand the mechanism of ice nucleation.  
From the thermodynamic point of view to realize the process of ice nucleation including frost 
formation and ice crystallization is the prime importance to develop an effective and durable ice- 
phobic surfaces.  Two types of ice nucleation occurred during freezing of water droplet on the 
surface; homogeneous and heterogeneous nucleation which occurred at the free liquid-air 
interface and solid-liquid interface respectively.  
Classical Nucleation Theory. To describe ice nucleation mechanism classical nucleation theory 
is most important which is originally derived by Turnbull, Vonnegut, and Fletcher.
87
 It has been 
utilized and further elaborated by a large number of research groups to explain sometimes 
unexpected and unpredictable behavior of super-cooled water droplet freezing on hydrophilic, 
hydrophobic, and superhydrophobic surfaces varying in surface textures, curvature and chemical 
composition. According to this theory, the ice nucleation rate (𝐽) for a water droplet on the 
surface is consider to be an exponential function of thermodynamically derived free energy 
barrier (ΔG) for the formation of a critical ice embryo which is the minimum stable size for a 
growing ice crystal needs to be reached to initiate freezing.
26, 88, 89
   
       𝐽 = 𝐾 𝑒𝑥𝑝
−ΔG
𝑘𝐵𝑇
      (Equation 7) 
where, 𝐾 is a kinetic factor which denotes the adsorption or integration of the water molecules to 
form ice embryo. It describes the dissipation of water molecules across the water-ice interface of 
the ice nucleus. ΔG is expressed as the maximum work required forming ice nucleation in the 
bulk liquid as homogeneous nucleation or at the liquid-solid interface as a heterogeneous 
nucleation. kB is the Boltzmann constant and T is the temperature. The free energy barrier ΔG and 
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factor K in the equation (7) depend strongly on the degree of supercooling of the liquid. From the 
literature, theoretical and experimental results clearly showed a strong bearing on temperature for 
the homogeneous and heterogeneous nucleation rate.
87, 88, 90
 
Heterogeneous Nucleation Theory. The change in Gibbs free energy, ΔG which is the 
thermodynamic energy barrier to the formation of a critical ice embryo, is function of 
temperature and ice-water interfacial energy. The  classical nucleation theory shows  that change 
in Gibbs free energy for heterogeneous nucleation (ΔGhet) is lower than that for homogeneous 
nucleation (ΔGhom) at a given temperature which is expressed as a ratio between them is less than 
unity.
4           𝑓 = ∆𝐺ℎ𝑒𝑡
∆𝐺ℎ𝑜𝑚
      (Equation 8) 
where, f is a function of the roughness radius of curvature R and the ice-water contact angle (θIW), 
formed at the substrate interface. 
 
Figure 7 : Schematic of the aspects of ice nucleation (a) Homogeneous nucleation. Plot of ΔG vs 
embryo radius (r), showing that beyond a critical value, rc, the growth of the ice embryo is 
energetically favorable (homogeneous nucleation). The inset image is a schematic of an ice 
embryo of critical size. (b) Nucleation. Schematic depicting the regions within a water droplet 
where can nucleate and potential influences (e.g., evaporation). (c) Effect of curvature. Ice 
embryo formation on a solid surface with concave surface features that have a radius of curvature 
R with R≈ rc. Effective thickness of the quasi-liquid layer (hILL) is depicted as hILLα R
-1
and it 
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affects the resulting θIW value. Please note that the ice embryos, water molecules and quasi-liquid 
layer appear disproportionately to facilitate the aspects of nucleation. The size of an ice embryo is 
on the order of 1 nm and the quasi-liquid layer thickness is on the order of a few atomic layers.
4
 
According to the heterogeneous nucleation theory, an ice nucleus must reach a stable critical 
radius (rc) at a given temperature to initiate and propagate freezing.
91, 92
 
                              rc =
2γIW
∆Gf,V
       (Equation 9) 
Where, γIW represents the ice-water interfacial energy and ∆𝐺𝑓,𝑉 denotes the difference in 
volumetric free energy between ice and bulk liquid. If surface roughness curvature approaches to 
the critical nucleus radius than, x = R/rc≈ 1. The value of R depends on the roughness of the 
surface which has the strong influence on ice nucleation. Whether ice nucleation will be 
homogeneous or heterogeneous that also depends on value of R. Cao et. al 
14
 demonstrated that 
anti-icing  super-hydrophobic surface with polymer particle composite where heterogeneous ice 
nucleation strongly depends on the particle size. As the particle size increases the free energy 
barrier for ice nucleation continuously decreases. Since the probability of ice nucleation 
formation is an exponential function of the free energy barrier so, the dramatic increase in icing 
probability was observed as the particle size increases. Figure 8 showed plots of geometrical 
factor f for different ice-water contact angle values θIW on surfaces with convex (f∩) and concave 
(fU) surface features as a function of x, where x = R/rc.
4, 88
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Figure 8 : The geometrical factor f is plotted against the ratio x = R/rc for convex (f∩) and 
concave (fU) roughness for varying values of θIW (180, 90, 60, 36.9, 25.8 and 18.2
o
).
88
 
For concave surface features with x ≈ 1 and θIW = 90
o
, they found that, fU =0.2 and the ice 
nucleation should be well enhanced. When x<10, concave features should promote the 
nucleation, which dominates the ice nucleation. So, one would expect that all nanotextured 
surfaces will enhance nucleation, not suppress it. But, when a quasi-liquid layer forms at the 
interface between an ice embryo and a solid surface, then opposite effect may observed. This is 
due to the fact that, the thickness of quasi-liquid layer and the effective value of θIW, both 
increase with decreasing R.
4, 88
 Jung et al.
26
 experimentally found that the surfaces with 
nanometer scale roughness around same or even lower than the critical size of an ice nucleus 
(where, x ≤ 1) showed the delays of freezing time at least one order magnitude greater than 
surfaces with roughness values larger than the size of the critical nucleus. 
Above findings conclude the crucial importance of surface curvature for the physics of icing on 
surfaces and can be applicable to analyze ice nucleation process on nano structured surfaces with 
varying asperities. For hygroscopic surfaces, substantial reduction of ice adhesion strength is 
expected due to the existence of interfacial liquid layers in between ice and the substrate, which 
preventing the strong ice-substrate bonding.
17, 20, 93
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Freezing delays. Surface wettability and freezing kinetics are interconnected to each other. 
Several studies have been made to visualize the effect of surface structure and wettability towards 
ice nucleation thermodynamics. Most of them reported delays of ice nucleation on 
superhydrophobic surfaces
8, 9, 47, 94
 and also the opposite effect.
26, 95
 Water droplets on 
superhydrophobic surface sit on a mixture of solid and air interface, where air pockets were exist 
in between water droplets and substrate. The droplet contacts more air than solid due to that 
situation. So, significant delay of ice nucleation occurred because of reduction of water-surface 
contact area, which plays a dual role in freezing phenomenon. Firstly, by reducing heat transfer 
since air has insulating properties and secondly, by reducing the probability of heterogeneous 
nucleation at the water substrate interface.
94
 In contradict to that, Jung et al.
26
 reported that 
superhydrophobic surfaces may not necessarily either delay the freezing process or reduce the ice 
adhesion. It depends on the structure (micro or nanometer scale roughness) of the surface. 
Beyond that, Boinovich et al.
96
 concluded that for long time freezing delays on superhydrophobic 
surfaces is related to the wetted area under a sessile droplet, the energy barriers to heterogeneous 
nucleation at the substrate/water interface and lag of nucleation time due to different values of the 
contact angles θWS (water-surface contact angle in air) and θIW (ice-water contact angle in water) 
whereas for short time scales adsorption and the integration of the water molecules to a growing 
or collapsing nucleus conduct the freezing delay. For long time freezing delays, the contact area 
between then droplet and the solid (𝜙) plays an important role in the freezing process. From 
nucleation theory, a reduced contact area reduces the ice nucleation rate proportionally by the 
factor 𝜙= (J𝜙/J).
4
 Experimental findings also supported that for a constant surface chemistry, 
reduction in contact area lowers the ice nucleation temperature and increase the delay of freezing 
time.
88, 96
 Therefore, one aspect of design ice-phobic surface is to design a superhydrophobic 
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surface with controlled surface structures where thermodynamically favorable ice nucleation 
should be occurred at the temperature slightly above the freezing temperature.    
Freezing locations. Another significant consideration is the thermodynamically favored location 
to initiate ice formation such as water-substrate interface, air-water interface, or air-water-
substrate region. Several theoretical and experimental results proved that, rate of ice nucleation 
formation are enhanced near the gas-liquid interface during the freezing of the supercooled water 
droplets.
97, 98, 99
 Figure 7a showed the free energy barrier for the formation of critical ice 
nucleation (ΔG) is the sum of volumetric contribution (ΔGV) and the ice-liquid interface 
contribution (ΔGs).
4
 Since, for the surface-induced crystallization the formation of the ice 
nucleation lie in the liquid close to gas-liquid interface, so, the contribution of ΔGs is 
significantly lower compare to the bulk-induced nucleation.
97
 Whereas, ΔGV is decreased as 
compared to the bulk, which results the free surface energy-induced small lateral pressure (plat<0) 
close to the gas liquid interface, introduces a pressure dependent term δGV(plat) to the volume free 
energy change (ΔGV)
4
 
              δGV ≈ plat(ρL − ρI)/ρLρI     (Equation 10)                                           
where, ρL and ρI are the number densities of the liquid and the ice crystals, respectively. As 
density of the liquid water is higher than the ice (ρL>ρI), so, δGV(plat) is negative (equation 10). 
This followed the free energy barrier to the formation of an ice nucleus near the air-liquid 
interface is slightly lowered compare to that in bulk where plat= 0. Therefore, more favored ice 
nucleation occurred at the air-liquid interface rather than in the bulk. This concludes that by 
increasing free surface area of water droplets on structured surfaces we can reduce the free 
energy barrier for ice nucleation. This might be done by introducing some air pockets into the 
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grooves of the surface textures which will influence to increase the free surface area of water 
droplets.   
Effect of environmental conditions. Freezing of super-cooled water droplets strongly depends on 
the environmental conditions such as relative humidity and surface temperature. They can 
fundamentally change the ice nucleation mechanism, which will be immensely affecting the ice- 
phobic behavior of the surface.
4
 Recently, Jung et al.
89
 shown that at a fixed surface temperature 
(-15
o
C) thermodynamically favored homogeneous ice nucleation occurred under unsaturated 
humidity conditions (relative humidity: 30, 60 and 75%) which has started from the gas-water 
droplet interface (Figure 9a). However, heterogeneous ice nucleation occurred at saturated 
humidity condition (relative humidity: 100%), started from the water-substrate interface (Figure 
9b). This finding commonly stated that with reducing relative humidity thermodynamically 
preferred homogeneous ice nucleation occurred instead of heterogeneous ones.   
 
Figure 9 : (a) Origin of homogeneous nucleation at the gas-liquid interface followed by ice front 
propagation (b) origin of heterogeneous nucleation at the liquid solid interface followed by ice 
front propagation in a supercooled sessile droplet.
4, 89
 
a 
b 
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Investigation of the frost formation from supercooled droplets in an unsaturated environmental 
condition is more complex which includes multiple phase transitions, ice spreading and also the 
sequential freezing of neighboring droplets.
100
 Frost can typically form either directly from the 
water vapour through desublimation or through water vapour condensation, which formed 
supercooled water droplet then they freeze via condensation freezing. They can form even under 
unsaturated environmental condition at a surface temperature below the freezing point of water. 
Frost can eventually increase the ice adhesion strength for any substrate even on the 
superhydrophobic surface. This is the major challenge for ice-phobic surface since frost 
nucleation occurs without any preferential site on textured surface, which leads to increase the 
effective contact area between ice and substrate.
95
 To overcome this problem, lubricant- 
impregnated surfaces (LIS)
18, 101
 and slippery liquid-infused porous surfaces (SLIPS)
12, 13
 were 
developed as anti-frost surfaces. Condensing water droplets were easily roll off from these 
lubricated surfaces and self-cleaned after defrosting cycle. Since, durability of these surfaces 
were not promising so, design of ice phobic surfaces with inhibition of frost formation is a 
challenging task to the research community.   
2.1.4. Mechanisms of ice adhesion 
Destruction of the man-made infrastructures such as transportation, aircraft, wind turbines, 
bridges and power transmission lines is occurring due to the strong ice adhesion to the surfaces. 
Force required to delaminate the ice from the surface is typically known as ice adhesion force. It 
depends on several factors such as surface properties (topography, wettability), conditions of 
icing, contact area between the ice and surface, freezing rate, temperature of the substrate and 
also temperature and humidity of the environments. Chemical functionality and surface structure 
of the substrate is the main influencing parameter for ice adhesion strength. If contact area 
between solid substrate and ice has been reduced by introducing some nano or micro structure to 
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the surface then ice adhesion strength will be diminished. Surface chemistry is also important to 
reduced ice adhesion strength which can be achieved by applying low surface energy materials to 
the surface. Sometimes interlocking between ice structure and surface has been observed due to 
the hierarchical rough surface structure. Specially, for structured superhydrophobic surface where 
water droplets were penetrate into the grooves of the micro-structured systems; have frozen the 
whole area below freezing point of water. Therefore, they have higher ice adhesion strength due 
to the interlocking between ice crystals and surface structure. This phenomenon is known as a 
Wenzel state of condensation.
102, 103
  
 
Figure 10 : ESEM images captured during water condensation when droplets grow (a and b), and 
that during water evaporation when droplets shrink (c and d) on a lotus leaf.
103
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When contact area between the liquid and surface will increase this leads to large ice adhesion 
strength due to the higher cohesive strength than the adhesive strength.
104
 So, the ice adhesion 
strength can be expressed as equation (11): 
              F = Fadh + ∅(Fcoh − Fadh)     (Equation 11)  
Where F is the ice adhesion strength, Fcoh is the cohesive strength, Fadh is the adhesive strength 
and 𝜙 is the area fraction of air in contact with water. If there is a mechanical interlocking 
between the substrate and ice then Fcoh will be larger than Fadh which results higher ice adhesion 
strength. 
 
Figure 11 : Proposed model for ice adhesion failure mechanism on the patterned surface.
104
 
2.1.5. Parameters influencing ice-phobic surface design 
Ice-phobic surfaces are mostly devoted to utilizing lotus leaf inspired superhydrophobic surfaces. 
Lotus leaf has the combination of micro and nano structure surface which is responsible for the 
repellent of impinging droplets.  The wings of several insects such as cicada and termite
105
  has 
hexagonally packed order array structure where they exhibit remarkable wetting properties. It is 
not only depending on the surface structure, chemical characteristics and mechanical properties 
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are also important towards ice-phobic behavior of the surface. To design ice-phobic surfaces 
following parameters are need to be considered.  
(1) Chemical composition 
(2) Surface texture 
(3) Elasticity 
(4) Durability/ Robustness 
2.1.5.1. Chemical composition 
Chemical characteristics influence the hydrophobicity or hydrophilicity of the surface. Delay of 
ice growth and reduced ice adhesion can be achieved in two ways. In the first way, designing of 
hydrophobic and superhydrophobic surfaces has been carried out by using low surface energy 
materials ( 20-30 mJ/m
2
).
106
 Low surface energy fluorinated polymer or poly (dimethyl siloxane) 
(PDMS) has generally be used for this purpose.
107
 They were promising for ice-phobic 
application due to their poor wettability and adhesion to the impacting water droplet. However, 
recent studies have shown that low hysteresis ice-phobic surface can also be prepared by 
applying low surface energy lubricant (Perfluorinated oil or silicone oil) on a well-designed 
nanostructured surface. The lubricant strongly locked into the structures and a defect free self-
healing surface has been achieved with high liquid repellency and low ice adhesion strength.
12, 13, 
18, 41, 108, 109
 The main disadvantage of these surfaces was low mechanical stability and durability 
due to the weak adhesion to the substrate.  
In the second way, ice-phobic surfaces can be obtained with reduced ice growth and ice adhesion 
by utilizing colligative properties of solution.
19, 110
  From the nature, it has been observed that 
several biological organisms survive in cold climate condition by adopting a number of strategies 
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with the help of antifreeze proteins (AFPs) or antifreeze glycoproteins (AFGPs) in their blood 
plasma.
111, 112
  Many fishes and insects are living in a subzero temperature by using them to 
inhibit ice growth during harsh winter. Several factors involved to inhibit ice growth due to their 
high affinity towards water-ice font formation and excellent structure matching to the ice crystal. 
As a result freezing point depression is occurred due to the kelvin effect and meting temperature 
is remaining unaffected.
112, 113
 Delayed of ice formation and growth has been observed on the 
polymer-AFP coated glass substrate where condensed water droplet was frozen in 20 min on the 
bare glass substrate but on the polymer-AFP coated glass surface it took 75 min for complete 
freezing.
114
 Biomimetic anti-icing coatings were prepared by using synthetic AFPs and AFGPs 
due to their easy availability.
115, 116
 Anti-icing performance of bilayer skin composed of antifreeze 
infused nylon membrane has been observed due to freezing point depression occurred after 
diffusion of the anti-freezing liquid into the water droplets. The coating delayed onset of ice 
formation at least ten times longer than anti-icing superhydrophobic and lubricant impregnated 
surfaces by using propylene glycol (PG) as an anti-freezing material.
117
 Polyethylene glycol 
(PEG)-water mixture has also been used for this purpose because of their very low freezing point 
(~ -40
o
C). A robust prototype organic-inorganic composite anti-icing coating with trapped 
aqueous lubricating layer is designed by crosslinking of hygroscopic polymer, Poly (acrylic acid) 
(PAA) inside the micro-pores of silicon wafer substrate.
17
 Self-lubricating liquid water layer 
(SLWL) between ice and substrate exhibits excellent capability of reduced ice adhesion strength 
almost one order magnitude lower than that of superhydrophilic or superhydrophobic surfaces. 
This type of coating is mechanically stable and display exceptional capacity towards self-healing 
and abrasion resistance. Furthermore, due to the existence of the aqueous lubricating layer ice 
adhesion strength is significantly reduced under the skate blades and people can easily skate. This 
is happened due to the breakdown of hexagonal structure of ice and aqueous lubricating layer is 
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formed even at temperature much below the freezing point of water.
118, 119
 Inspired from this 
mechanism, Wang et al.
21
 developed an anti-icing coating with hyaluronic acid (HA) cross-linked 
with dopamine.  Cross-linked HA started to swell after absorbing water at the temperature below 
0
o
C which helps to form an aqueous lubricating layer near the vicinity of the ice surface. It helps 
to reduced ice adhesion strength more than one order magnitude lower than the bare alumina or 
ceramic surfaces. They have also shown that thickness of the aqueous lubricating layer plays a 
vital role in the ice-phobic performance.  
2.1.5.2. Surface texture 
Substrate with well-designed surface textures can prevent the wetting, which is beneficial to 
reduce the contact area and contact time between an impinging water droplet and the surface.  
Recently, Maitra et al.
120
 systematically investigated the impacting behaviors of water droplets on 
micro-, nano-, and hierarchical structured superhydrophobic surfaces at subzero temperature. 
This behavior was characterized by Weber number (We) defined as equation (12). 
                                We =
ρV2D0
σ
      (Equation 12) 
where,  ρ, σ and D0 are the density of the liquid droplet, surface tension and diameter of the initial 
droplet, respectively. Where V denotes velocity of the impacting droplet and is a measure of the 
between fluid inertia and surface tension forces. The velocity, at which liquid meniscus penetrate 
to the surface textures is known as the critical velocity (Vc). If the impacting velocity is higher 
than Vc, then impacting droplets could not completely rebound from the surface and it remain 
partially or fully attached to the surface. A superhydrophobic surface with hierarchical surface 
textures could resist droplet penetration at an impacting velocity of 2.6 m/s.
120
The surface 
textures of a superhydrophobic surface can be either open-cell structures or closed-cell structures. 
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The stability of the surface can be improved by using closed-cell structures. Aizenberg et al.
46
 
evaluated that the ability to repel impacting water droplets on open-cell and closed-cell surface 
textures before ice nucleation occurs. Extreme rebound behavior was observed in case of closed- 
cell brick structures. Air was trapped in the surface textures which could not be pushed out even 
at high impacting velocity of 90-135 m/s. The rebound behavior of impacting water droplets with 
varying impacting velocity and droplet radius has also been studied.
121, 122
 Varanasi et al.
122
 found 
that contact time (tc) does not depends on the impact velocity in a broad range(0.2-2.3m/s) and is 
related to the initial drop radius (R0) and its surface tension(σ).
3
 
tc = 2.65(
ρR0
3
σ
)1/2     (Equation 13) 
It has been proposed that the contact time(tc)can be significantly reduced on a specific micro 
structured surface rather than on a macroscopically smooth surface for a specific initial droplet 
radius (R0=1.33 mm) and a constant impacting velocity (1.2m/s).
122
 If impacting water droplet 
can stay on the tip of the structure then the minimum contact area will exists which helps to get 
higher advancing and receding contact angle values greater than 150
o
 and low hysteresis value 
less than 5
o
 which is the difference between them. Surface with low contact angle hysteresis 
could be prepared by introducing highly controlled textured surface where the contact area should 
be minimized. Various methods has been used to prepare such types of surfaces such as 
electrodeposition method,
123, 124, 125
 chemical etching process,
126, 127
 inverse colloidal 
templating,
128, 129, 130
 photolithography,
107, 131, 132
 Plasma treatment,
133, 134, 135, 136
   chemical vapour 
deposition,
137, 138, 139
 layer-by-layer deposition,
140, 141
 sol-gel methods,
142, 143
 electrospinning
144, 145
 
and also combination of them.
146, 147, 148, 149, 150
 Therefore, to reduce ice growth and ice adhesion 
we have to put more attention to the deliberate structuring of the surfaces. The above discussion 
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is assistance a way to develop a surface with specific surface textures which can be exposed to 
prevent icing during freezing rain. 
2.1.5.3. Elasticity 
Ice phobic surfaces are strongly depending on the intrinsic adhesion property of the materials. 
The ice nucleation growth of condensing water droplets and ice adhesion strength on soft 
viscoelastic surfaces are differ significantly than on hard non-deformable stiff surfaces. Softness 
and hardness of the material depends on the glass transition temperature (Tg) and cross-link 
density of the polymer. Soft and rubbery material is obtained when Tg value is lower than room 
temperature whereas hard and glassy material is found if Tg value is higher than room 
temperature. For example, PS and PDMS differ in their mechanical properties due to their 
different Tg values: PS is stiff glassy polymer (Tg = 105°C), on the other hand PDMS is soft and 
rubbery (Tg = - 125°C). Softness of the PDMS surface increases with decreasing crosslinking 
density which influences to increase ice nucleation density and longer relaxation time required to 
merging of growing adjacent drops. But on the hard surface two neighboring drops come into 
contact to each other and form more spherical equilibrium shaped drops than elliptical one (soft 
surface) after merging to each other (Figure 12b). Surface coverage and overall condensed 
volume on soft surface is higher than the hard surface due to the fast condensation effect on soft 
surface.
151
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Figure 12 : (a) Schematic of the wetting ridges (lamellae) formed by two droplets on a 
deformable surface. (b) Two surfaces cooled simultaneously under identical conditions. Left: 
PDMS with |G| =180 kPa, δ = 2o, which is more rigid and elastic than the surface on the right, |G| 
=30 kPa, δ = 5o. Where,|G| is shear modulus and δis the phase angle. |G| is high for rigid 
materials and low for soft materials. The value of δ is exists in between 0o (purely elastic 
materials) to 90
o
 (purely viscous materials). This snapshot was taken 10 s after initial merging 
was observed on both surfaces, about 240 s after initial cooling.
151
  
It has been suggested that the nucleation density is increased on the soft surface due to the 
reduced activation barrier for nucleation. On a soft film the nucleating drop condense together 
with the underneath film which can reduce its free energy barrier by the deformation of the 
surface.
41
  The surface tension of the liquid pulls the film upward along the periphery of the drop 
whereas the Laplace pressure compresses the film underneath at the same time.
152, 153
 Therefore, a 
wetting ridge is formed and the total energy of the system is decreased due to the air water 
interfacial area decreases as compared to the rigid film. As a result, faster nucleation and long 
relaxation time is required on a soft surface. It can also be explained by energy dissipation during 
a b 
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motion of the three-phase contact line.
151
 Petit et al.
154
 proposed that frost growth on the soft 
surface occurred at low temperature and at high humidity condition by forming a triple phase 
contact line (TPCL) with the substrate where freezing starts from the edge of the surface then it 
propagates through the ice bridges formation. They have studied frost growth mechanism on 
different solid substrate with varying stiffness (soft PDMS substrate to hard PMMA 
substrate).Wang et. al described that coating thickness has a negligible effect on ice adhesion 
strength measurement for glassy  polymer PMMA. In contrast to that they have observed 
thickness dependent ice adhesion strength for elastomeric Sylgard 184 (PDMS). It decreased 
from 457 to 115 kPa by increasing the coating thickness from 18 to 533 µm respectively.
155
 This 
result is also supported by Yorkgitis studies,
156
 where they have reported ice adhesion strength 
measurement on an unfilled, platinum cured vinylpolysiloxane resin cross linked with poly 
(methyl hydro) siloxane. In conclusion, it has been found that bigger droplets and larger surface 
coverage was obtained with increasing softness of the materials. In fact, on a soft elastic surface 
condensation is accelerated which can potentially lead to design a surface with improved heat 
transfer and efficient dew harvesting properties. It also helped to reduce ice adhesion strength by 
utilizing their lubricating effects. A mismatch in strain under stress is observed when a force is 
applied to remove the ice due to the large difference in moduli for ice and the soft surface. For a 
soft rubbery surface stress cannot be equally distributed all over the surface, it builds up at the 
interface that provides an easy path to release ice. Since, these are not only reducing ice adhesion 
but also helpful to self-clean the surface after defrosting, therefore, durability of these surfaces is 
most important.   
2.1.5.4. Durability/ Robustness 
Various criteria has been necessary to demonstrate the ice-phobic behavior in real application 
such as ice nucleation delay, ice adhesion, and drop mobility are the most common features. 
34 
 
Nevertheless, one of the most important criteria to integrate towards practical application is that 
such surfaces should be able to sustain in the realistic conditions, such as prolonged exposure to 
freezing rain, abrasion, and so forth. Boinovich et al.
157
 reported a highly durable ice-phobic 
coating for stainless steel surface, which is capable of delay freezing even at prolonged exposure 
of freezing rain conditions. The durability of the superhydrophobic coating is ensured by the 
ability to retain its non-wetting behavior after 100 icing/deicing cycles. This result confirms the 
long- term chemical and mechanical stability of the ice-phobic surface under cyclic temperature 
variation and stress characteristics of phase transition. So, it is clear that along with ice nucleation 
delay mechanical and chemical robustness and stability must be a complimentary requirement to 
design a perfect ice phobic surface. Aizenberg et al.
46
 suggested that mechanical robustness of the 
surface can be enhanced by changing the surface architecture from open-cell geometries to closed 
cell such as honey-comb-like and brick like structures. Very few publications were investigated 
the performance of superhydrophobic surfaces after repeated experiments where loss of liquid 
repellency and erosion may occur. Davis et al.
158
 observed that the non-wetting properties of the 
substrate were degraded after long exposure of fog impact. At higher impact speed, the 
penetration of the water into the asperities of the surface microstructure can lose the wetting 
properties. In order to avoid the problem of mechanical stability of superhydrophobic surface 
towards ice-phobicity, a new strategy has been developed to reduce ice adhesion strength is that 
lubricant impregnated porous surfaces. Low surface tension organic liquid has been used to 
impregnate solid interfaces for reducing droplet adhesion. The stability of these surfaces was not 
good enough after a few frosting-defrosting cycles. They lost their self-healing characteristics and 
damaged irreversibly
18
. Vogel et al.
128
 proposed a possible solution for interlocking the lubricant 
into the honeycomb-like surface textures, which improve stability of the lubricated surface. In 
some cases water acts as a lubricant, where hygroscopic polymer was grafted onto a porous 
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surface, enabling freezing point depression to form lubricating water layer between the ice and 
the substrate. In this way, the direct contact between the ice and solid interface can be eliminated, 
facilitated to decrease ice adhesion strength significantly in compare to that of conventional anti-
icing surfaces. Mechanical stability of these surfaces has been retained after 80 cycles of ice 
adhesion strength measurements.
17, 20
 From the above discussion it can be conclude that, although 
certain surfaces has attracted much attention towards ability to retain their non-wetting behavior 
under realistic conditions but erosion behavior of such surfaces has to be studied further. Most 
importantly, mechanical durability and chemical stability need to be addressed before they will 
be realized in practice.           
In conclusion, it can be stated that various parameters was involved to demonstrate ice-phobic 
surfaces with prevention of ice formation, reduced ice growth and ice adhesion strength. It has 
been found that not only superhydrophobic surface but also hydrophilic surface with self-
lubricating layer was helpful to fulfill the criteria to develop ice-phobic surface. 
Superhydrophobic surface with well-designed surface textures was promising to reduce ice 
growth and ice adhesion by reducing the contact area and heat transfer to the ice layer due to the 
entrapment of the air pockets into the grooves of the surface structure. On the other hand, delay 
of ice nucleation and growth has been achieved by freezing point depression and lower ice 
adhesion was observed due to the aqueous lubricating layer for hydrophilic surface. Mechanical 
properties or elastic modulus of the material is also affecting ice-phobic behavior. Low modulus 
soft elastic surfaces have more potential to reduce ice adhesion strength. Finally, stability of the 
surfaces has to be considered before applying them in real condition which is depends on the 
structuring of the surfaces and exposure of the environmental conditions.    
36 
 
2.1.6. Summary 
It can be conclude that to design ice-phobic surfaces we have to consider their wettability, 
roughness and mechanical properties. Since, the mechanism of condensation of water on the 
surface is a complex phenomenon, so people are trying to understand the effect of various 
parameters on ice nucleation, growth and ice adhesion. From the state of the art, it is found that 
several surface parameters affect the wettability and condensation mechanism of water such as 
chemical composition, surface topography and geometry, surface adhesion and finally surface 
stability (robustness and mechanical properties). From the fundamental standpoint, following 
qualities are necessary to form an optimum ice-phobic surface: (1) Surface chemistry/material 
should have minimum ice nucleation temperature, can be operated successfully even at a 
temperature few degrees above that which allowing an extended freezing time delay. (2) The 
surface texture should have specific structuring to facilitate the heterogeneous nucleation by 
simultaneously reduce and optimize the solid-liquid contact area and to enhance the droplet 
mobility (reduce contact time) of metastable liquid phases for the thermophysical properties. (3) 
Surfaces should be designed in such a manner that it can be utilized in a proper environmental 
condition such as at a particular pressure, humidity and temperature etc. (4) Surfaces must have a 
good degree of chemical and mechanical robustness and also large area fabrication scalability 
with low cost. 
To fulfill the above criteria most of the researcher focused on development of the ice-phobic 
surface based on hydrophobic or superhydrophobic surfaces, where depending on the application 
they were enabled to achieve increased liquid drop mobility, delay of the freezing time and 
reduced ice adhesion strength by reducing contact area between condensed droplets and the 
surface. Lubricant impregnated ice-phobic surfaces have also been produced to reduced ice 
growth and ice adhesion strength. The strategy to reduce ice adhesion strength by reducing 
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contact angle hysteresis has been applied for this purpose. Very few researchers have been 
explored the direction in the effects of surface geometry, chemical composition and elastic 
properties on the morphology of the ice crystals, ice growth and ice adhesion strength. In order to 
understand the effect of above parameters towards ice-phobic behavior a systematic investigation 
has been required. Therefore, in my thesis I explored the idea to develop ice-phobic surface with 
varying chemical and topographical characteristics for both fundamental importance and 
application relevance. To find out the ideal ice-phobic surfaces more intensive research has to be 
done in order to understand the condensation mechanism and ice-phobic behavior of the surface. 
Certain success has already been achieved but still there is a disparity between the natural and 
man-made materials. The research in this area is still under progress and I hope in near future we 
will overcome from this icing problem especially in the colder region.  
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2.2. Experimental techniques and methodology 
2.2.1. Introduction 
There are several analytical techniques has been used to characterized the synthesized particles 
and surface prepared with them. For instance, size of the particles can easily be measured by 
dynamic light scattering (DLS) and Scanning electron microscope (SEM). SEM can also be used 
to investigate surface morphology and topography. Furthermore, detail information about surface 
topography and roughness can be obtained from scanning force microscopy (SFM) measurement. 
This is a series of instruments for studying surface properties of materials. Atomic force 
microscopy (AFM) is one of the members of this family which allowed to measure surface 
topography, surface roughness and surface adhesion also. To determine larger area surface 
roughness and more additional information about that can be obtained from optical imaging 
techniques such as MicroGlider and Nano focus etc. 
Surface wettability is strongly related to the chemical composition and surface roughness of the 
material. Wettability of the surface depends on the contact angle values including static, dynamic 
(advancing and receding) and sliding angle values. They were measured by using conventional 
drop shape analysis method.  
Therefore, combination of others suitable analytical methods helped us to get more detailed 
knowledge to characterized particle surface and coatings such as polymer shell thickness (TGA 
and ellipsometry), grafting density (GPC), Freezing and melting point (DSC) etc. 
Freezing kinetics and ice adhesion strength on the surfaces were investigated through a self- 
made device. These experiments were carried out inside an environmental chamber at a 
controlled humidity and temperature. All these experimental details will be discussed in this 
following sub-chapter. 
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2.2.2. Characterization of surface morphology 
Size of the synthesized particles and surface morphology of the prepared coatings incorporated 
with the particles were checked by using SEM. Surface morphology of the prepared coatings 
either regular or irregular that can also be known from the SEM measurements. 
 Further information about the surface morphology and topography of flat and rough particle 
surfaces were obtained from AFM measurement and other optical measurement technique such 
as Nano focus. 
2.2.2.1. Scanning electron microscopy (SEM)  
Scanning electron microscopy (SEM) is one of the old and most widely used instruments for 
surface analysis. It provides three-dimensional images of the objects with high resolution less 
than 1 nm.  
SEM consists of two major components: the microscope column and the control unit (PC). The 
microscope column consists of the electron gun, condenser lenses, beam deflection coils, 
objective lenses and some apertures. The electron gun produces a stable electron beam with high 
current, small spot size, adjustable energy and small energy dispersion. Several types of electron 
guns are used in SEM system depending on the qualities of the electrons beam they have 
produced. Tungsten electron guns have been used for more than 70 years due to their low cost 
and reliability for long term applications. The most widely used electron gun is assembled with 
three parts: cathode (V-shaped hairpin tungsten filament is about 100 µm in diameter), wehnelt 
cylinder and an anode. The filament is heated up to a temperature of more than 2800K by 
applying a filament current so that the electrons can escape from the filament tip. Cols of wire, 
known as electromagnets are used to produce magnetic field. This is responsible to focus the 
electron beam. Electromagnetic lenses are used to magnify or demagnify the electron beam 
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diameter by varying their strength which results in a variable focal length.
159
  Condenser lenses 
are used to converge the electron beam and accumulated into a relatively parallel stream. The 
electron beam will diverge below the condenser aperture. So, objective lenses are used to focus 
the electron beam into a probe point at the specimen surface. The basic principle of the SEM is 
shown in the following figure but the design of the instrument may vary among different 
manufactures. 
 
Figure 13 : Basic principle of Scanning electron microscope (SEM)
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Image formation in the SEM depends on the acquirement of signals produced by the interactions 
of the primary electron beam and the sample specimen. When the primary electron beam is 
interact with the specimen surface various signals are observed due to the emission of secondary 
electrons (SEs), back scattered electrons (BSEs) and transmitted electrons. To gather information 
about the specimen chemical composition the exited X-rays and Auger electrons are analyzed. 
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The depth of interaction depends on the composition of the specimen, energy of the primary 
electron beam and the angle of incident. Two kinds of scattering process are considered: elastic 
and inelastic. After elastic interaction, electrons retain all their energy which produces back 
BSEs. But in the inelastic interaction electrons lose their energy which results in the production 
of SEs.  Since the number of SEs emission depends on the electron density of the specimen atoms 
so, it increases with increasing atomic number of the specimen. The BSEs production also 
increases with increasing atomic number of the specimen. Therefore, the contrast of SE signal 
and BSE signal can give information about the composition. While BSE signal produces better 
contrast towards variation of specimen composition but SE signal affected the topography of the 
specimen surface. Contrast of the topography image is also depends on the relative position of the 
detector, the specimen surface and the incident electron beam. Surface topography influences the 
emission efficiency of the secondary electrons. It will enhance significantly on the tip of a surface 
peak. SE signal can resolve the surface structure down to the order of 10 nm or more. They are 
used basically for topographic contrast to visualize surface texture. Magnification of the image is 
given by the ratio of the scanning length of the image to the corresponding scanning line on the 
specimen. Magnification will change by changing the size of the scanning area which is 
controlled by the scanning coils. For example, magnification can increase by decreasing the 
current of the deflection coils in the microscope column. The working distance (WD: distance 
between the specimen and lower pole piece is in the range of about 5-30 nm) and the accelerating 
voltage of the electron beam also affect the scanning area. In an advanced microscope WD is 
much smaller to enhance image resolution. In order to avoid the scattering of the electron beam 
and the contamination of the electron guns and the other components a high vacuum system is 
applied inside the specimen chamber at around 10
-4
 Pa.  
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Figure 14 : Illustration of several signals generated by the electron beam-specimen interaction in 
the scanning electron microscope and the regions from which the signals can be detected.
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Most of the specimens are nonconductive such as polymers and bioorganic materials; require 
conductive coatings to prevent them from charging during electron beam incident to the 
specimen. Normally sputter coatings of the metals (gold, silver, palladium and platinum) has 
been done in an argon atmosphere to reduce the surface damage and to produce conductive 
specimens during SEM analysis.   
In this work all scanning electron microscopy (SEM) images were acquired on a NEON 40 EsBv 
Crossbeam scanning electron microscope from Carl Zeiss NTS GmbH, operating at 3 kV in the 
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secondary electron (SE) mode. To enhance electron density contrast, samples were coated with 
platinum (3.5 nm) using a Leica EM SCD500 sputter coater. 
Cryo-SEM 
The following procedure was implemented for the preparation of samples for cryo-SEM imaging. 
First, the wafer with an anti-ice coating was cooled down in liquid nitrogen and was then brought 
to ambient conditions. As a result, a layer of ice was formed on the surface of the wafer. The ice 
eventually melted, thus forming a homogeneous layer of water droplets on the surface. The wafer 
was then quickly immersed in liquid nitrogen and transferred to the Leica EM SCD500 sputter 
coater, where it was coated with platinum for 30 seconds at -130
o
C (estimated thickness of the 
platinum layer – 3.5-4.0 nm). The Leica EM VCT100 vacuum cryo-transfer system was used to 
load the sample in the SEM. Imaging was performed at -135
o
C at 0
o
 and 45
o
 tilt angles. 
2.2.2.2. Atomic force microscopy (AFM) 
Scanning force microscopy (SFM) or atomic force microscopy (AFM) is one of the most 
important analytical tools where we can get information about morphology, topography, surface 
adhesion, roughness, conductivity, elasticity, friction, and hardness and abrasion resistance of the 
investigated surface. The AFM consist a sharp tip, typically less than 5 µm tall and less than 10 
nm in diameter at the apex, which is located at the end of a cantilever that is usually 100-500 µm 
long. To build up a three dimensional topographic image the tip is brought into contact with or 
close to the sample surface and scan over it.
161
 The motion of the probe across the surface is 
controlled by the piezoelectric scanner which scans the surface in a raster-like fashion. Imaging 
involves by monitoring localized force between the sample surface and the tip. Attractive and 
repulsive forces are building up from interactions between the tip and the sample surface which 
will make a positive and negative bending of the cantilever deflection. The bending is detected by 
focusing a laser beam near the end of the cantilever and directing the reflected light onto a photo 
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detector array. Vertical cantilever displacement called as vertical forces are measured via   
voltage difference between the multiple diodes in the array. The measured cantilever deflections 
are used to generate a map   of the surface topography.  
 
         
 
Figure 15 : Scheme of simplified AFM technique and force curve 
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The forces that are generally measured in AFM are van der Waals forces, capillary forces, 
mechanical forces, chemical bonding, electrostatic forces, magnetic forces etc. The main forces 
which lead to the tip deflection are: the mechanical force due to the contact of the tip to the 
surface, the van der Waals force and the capillary force arising from the condensation of water 
vapour in the contact area. During contact with the sample surface the probe predominantly 
experiences repulsive van der Waals forces but as the tip moves away from the surface attractive 
forces are dominant (Figure 15). The forces acting on the tip is strongly depends on the operating 
mode and the conditions used for imaging purpose.  
There are three primary imaging modes in AFM depending on the investigated materials and 
scanning manner: Contact mode, tapping mode and non-contact mode.  
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Contact mode AFM  
Contact mode AFM operates by scanning a tip across a sample surface while tip is in intimate 
contact with the surface. The separation between tip and surface is less than 0.5 nm. The change 
of cantilever deflection due to the change of topography of the surface is monitored by the 
photodiode detectors. When the tip interacts with the surface, the cantilever bends according to 
the Hooks Law:   F= kz
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Where F is the applied force, k is the cantilever spring constant and z is the cantilever deflection. 
Spring constants usually range from 0.1 to 1.0 N/m and resultant forces is ranging from nN to µN 
in an ambient atmosphere. Constant cantilever deflection is maintained by using feedback loops 
where the force between probe and the sample remains constant and a topographic image of the 
sample surface is obtained. When the tip and the sample are gradually brought together their 
atoms are begin to attract to each other (Figure15). This attraction increases until their atoms are 
so close together that their electron clouds begin to repel to each other. Repulsive electrostatic 
and van der Waals force progressively weakens the attractive force as the separation continues.  
Then the total force goes to zero and finally it becomes positive.  This mode of operation can be 
takes place in ambient or in liquid environments. Probes are typically made from Si3N4 or Si and 
for contact mode AFM it is necessary to have a cantilever which is soft enough to be deflected at 
small force and high enough resonant frequency to not be susceptible to vibrational instabilities. 
The disadvantage of this mode is that it can works well for hard surfaces with high scanning 
speed but for soft surface the probability of damaging the surface could be occur. This obstacle 
can be avoided by using tapping mode or non-contact mode AFM. 
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Tapping mode AFM 
Tapping mode or intermittent mode AFM is most commonly used AFM techniques where 
cantilever is oscillated at or slightly below its resonance frequency with amplitude ranging 
typically from 20-100 nm. During scanning the tip lightly “taps” on the sample surface and 
contacting the sample surface at the bottom of its swing. Constant oscillation amplitude is 
maintained by using feedback loop which will maintain a constant tip-sample interaction during 
imaging. In case of tapping mode AFM the separation between tip and the sample surface is 
around 0.5 to 2 nm.  The vertical position of the scanner at each (x, y) data point in order to 
maintain a constant “setpoint” amplitude is stored by the computer to form the topographic image 
of the sample surface. For tapping mode AFM, spring constant usually ranges from 20 to 100 
N/m and resonant frequency 200 to 400 kHz and nominal tip radius of curvature 5 to 10 nm. 
Standard probes used for the tapping mode are taping mode etched silicone probes, focused ion 
beam (FIB) machined silicone probes and Olympus tapping tips. The advantages of the AFM 
tapping mode is that it can possesses higher lateral resolution up to 1-5 nm and it does not 
damage the surface due to the less interaction time between the tip and the sample surface. That 
is almost two orders shorter as compared to the contact mode AFM. It is typically used for soft, 
fragile and adhesive material for topography imaging. But the major disadvantages of this 
method is that it’s more challenging to take topographic image in liquid environment and it has 
slightly slower scanning  speed in compare to the contact mode AFM.  
Non-contact mode AFM 
In non-contact mode AFM the cantilever is oscillated at a frequency slightly above its resonance 
frequency with amplitude of a few nanometers typically less than 10 nm in order to obtain a 
signal from the cantilever. In this mode very low force is exerted on the sample surface at around 
10
-12 
N. The spacing between tip and the sample surface is in the range of 0.1 to 10 nm. The tip 
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does not contact the sample surface, but oscillates above the adsorbed fluid layer on the surface 
during scanning. The inter-atomic force between the cantilever and the sample surface is 
attractive due to the van der Waals force of interaction. So, the resonant frequency is decreased 
which causes the amplitude of oscillation to be decreased. Feedback loops monitor the changes in 
oscillation amplitude by vertically moving the scanner at each (x,y) data point until a “setpoint” 
amplitude is reached which is stored by the computer to form the topographic image of the 
sample surface. The use of non-contact mode AFM is limited due to the several disadvantages 
such as very low lateral resolution and slower scan speed in compare to the tapping and contact 
mode AFM. There is another obstacle to operate non-contact mode AFM is that if the adsorbed 
fluid layer on the surface is too thick the tip becomes trapped and it interfere to the oscillation of 
the cantilever which results bad topographic image. Sometimes ultrahigh vacuum (UHV) has 
been used to overcome this obstacle and to have good image form this technique.  
In the present work all AFM studies were performed by using Dimension 3100 (Veeco 
Instruments, USA) microscope. All the images were taken in the tapping mode with a silicon 
tapping mode tip (resonance frequency 200−400 kHz and spring constant of 1.5 - 6.3 
N/m).Imaging was conducted at scanning rates in the range of 1–2 Hz.  The root mean square 
roughness (Rq) values were calculated from topography images (10 × 10 μm
2
) with the help of 
WSXM software.Rqis a standard deviation of feature height (Z) values within a given area and 
roughness factor (rs) is calculated according to the equations(14) and (15)respectively
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. 
                           Rq = √
∑ (Zi−Zave)
2N
i=1
𝑁
             (Equation 14) 
                            rs =
Sactual
Sprojected
     (Equation 15) 
where, Zave is the average Z value within the given area, Ziis the current Z value and N is the 
number of points within a given area. For rs measurement Sactualis the actual surface area and 
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Sprojected is the projected surface area. Since actual area is always greater than the projected area 
therefore, the value of rs is always greater than unity. 
2.2.2.3. Optical imaging instrument (Nano Focus) 
Optical imaging device (Nano Focus) is used to evaluate the surface parameters like surface 
profile, topography, roughness and coating thickness with high accuracy. The measurement 
principle is based on the white light confocal techniques where a measurement head is mounted 
on a stable stand which is motor-driven in the vertical direction (Z-axis). The sample is placed on 
a computer controlled x-y precision slide. White light is focused on the surface through the 
measuring head where the whole sensing head moves vertically on liner table or only the 
objective lance moved stepwise in the vertical direction (Z-axis) to obtain a surface topographic 
image. It scans a batch of various height level of the surface. The sample should not move 
laterally during the whole measurement. The size of the measurement area is depends on the 
applied objectives. 
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Figure 16 : Scheme of optical imaging device (Nano focus)
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The surface to be measured is illuminated through the microscope by an external Xenon light 
source. Only those light beams which are focused they will reach to the detector but all unfocused 
light beams which are not at the same height are disabled by the pinhole as shown in the figure. A 
single point can be measured in such a way. It offers a unique possibility to precisely measure 
complex surface structures with high vertical and lateral resolution. It enables fast, careful and 
non-destructive characterization which is most important for soft and sensitive surfaces. It works 
on highly reflective as well as light absorbing rough surfaces. 
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In this present study the roughness characteristics were also obtained from nano focus images 
(160 × 160 μm2). The resolutions of these images were taken at 512 × 512 lines. Arithmetical 
roughness (Ra), root mean square roughness (Rq), roughness factor (RF) as well as fractal 
dimension (FD) were calculated from Nano focus data. We applied the box counting method 
(FRT Mark III software) to the cross section of the investigated films to find the fractal 
dimension of the prepared coatings. 
2.2.3. Raman imaging techniques 
A Raman spectrum shows the energy shift of the excitation light (laser) as a result of inelastic 
scattering by the molecules in a sample. The excitation light excites or eradicates vibrations of the 
chemical bonds within the molecules which results in an energy shift of the photon scattered from 
this molecule. Different chemical species consist of different atoms and bonds, so they can be 
easily identified by this technique due to their unique Raman spectrum. It is a nondestructive 
technique since only molecular vibrations are annihilated.  
 
 
Figure 17 : Scheme of Raman imaging technique
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Raman spectra are collected with a high resolution through the combination of confocal 
microscope and Raman spectrometer. A high-sensitivity CCD camera is connected to a powerful 
computer and software system is used to detect the Raman signal.  
In this work Raman imaging were investigated with the spectral imaging mode of the alpha300 R. 
A spectrum at every pixel was taken (Scan range: 10X10 µm) by using a 100X objective. The 
sample was excited with a 36 mW power 532 nm frequency with 0.5s integration time. The 
resolution of the Raman image or detection limit of the Raman image is 400 nm. We used the 
program phase analysis within the program package SCANDIUM for the calculation of different 
phase. The distribution of the different phase (domain) in a heterogeneous surface is measured by 
this technique.  
2.2.4. Contact angle measurement (Drop shape analysis) 
The wettability of a liquid in contact with a solid surface plays an important role in many 
application filed such as painting, coating and adhesion. It defines the interaction between a solid 
and liquid phase when they are in contact to each other. The simplest and most common approach 
to evaluate wettability is believed to be contact angle measurements. Several methods have been 
developed to determine different types of contact angle measurement such as static and dynamic 
sessile drop methods. 
Among them the most convenient  method which is normally used to measure static and apparent 
advancing and receding contact angle is sessile drop method where angle formed between the 
liquid-solid interface and the liquid-vapor interface is measured by using a microscopic optical 
systems. The combination of high resolution camera and software are also used to capture and 
analyze the contact angle value. Dynamic sessile drop analysis is similar to the static but the drop 
shape is modified by injecting or withdrawing the liquid through the measuring syringe. 
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Advancing contact angle (θAdv) has been measured by measuring the largest possible angle is 
obtained without increasing its solid-liquid interfacial area during adding more liquid and 
receding contact angle (θRec) is obtained by measuring the smallest possible angle during 
removing of liquid from the surface. The difference between them is known as contact angle 
hysteresis (Δθ)167. The dynamic contact angle can also be measured for a drop travelling down a 
sloped flat surface (Figure18). These contact angles are measured mostly by aligning a tangent 
with the profile of a sessile drop at the contact point with the solid surface which is commonly 
known as three phase contact line.  
 
Figure 18 : Different methods of measuring advancing and receding contact angle on solid 
surfaces: dynamic sessile drop (a) advancing (b) receding and (c) advancing drop method.
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In this work static, apparent advancing and receding water contact angles were determined by the 
sessile drop method using a conventional drop shape analyzer Krüss DSA 10 (Krüss, Humburg, 
Germany) where 10-20 µl deionized reagent grade water drops has been used for these 
measurement. Volume of injecting and withdrawing of the liquid was controlled by the manually 
controlled micrometer syringe and pump during advancing and receding contact angle 
measurement, respectively. Initially a droplet is formed on the solid surface then slowly increased 
the volume by injecting the water at a constant speed during investigate the advancing contact 
angle. The receding angles were obtained by sucking the water from the droplet at the same 
a b c 
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speed.  Hysteresis is calculated by using the difference between them which will make a 
statement about the roughness and chemical inhomogeneity of the solid substrate. Hysteresis 
values also influence the roll off angle or sliding angle of the liquid. Sliding angles were 
measured with different volumes of water such as 5, 10 and 20 µl. During this measurement, 
fixed volume of water droplet was placed on the solid substrate, and then tilts the table from 0
o
 to 
90
o
 at a constant speed. The sliding angle was obtained at the particular angle where the droplet 
was started to move or slide off from the surface. If the surface has low hysteresis then lower 
sliding angle was observed due to the tendency of easy removal of the droplet. The average 
values of contact angles were obtained from five different measurements of each sample at 
different positions. For high measuring accuracy, the optical device was calibrated with a 
certified calibration kit obtained from fibro system (Sweden). The error of the mean contact angle 
values were calculated from the standard deviation which did not exceed 2
o
 and 4
o
 for advancing 
and receding contact angles, respectively. All these measurements were carried out at 24
o
C and 
relative humidity 40 ± 3%, which were kept constant. 
 
Figure 19 : Schematic of drop shape analysis techniques  
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2.2.5. Freezing and thawing experiments 
The measurements were performed in a special chamber (LHU-113, ESPEC, Japan) with 
controlled temperature and humidity.  Temperature inthe chamber could be controlled in the 
range between +50
o
C and -20
o
C (with ± 0.5
o
C accuracy), and humidity could be controlled in the 
range between 30% and 90% RH (with ± 2% accuracy). Samples were mounted on a flat copper 
plate by using thermally conductive double sided copper tape. The temperature of the copper 
plate was maintained by using a Peltier-element with a thermoelectric temperature controller 
(TC/TPC 150, Data Physics, Germany), and by a cooling thermostat (Alpha RA 8, Lauda, 
Germany). For all the experiments humidity of the chamber was accurately maintained at a 
constant relative humidity (RH) 80%, while the temperature was gradually decreased from +15
o
C 
to -15
o
C with a cooling rate of 2
o
C/ min. After cooling to -15
o
C, the temperature was kept 
constant for 20 min. Finally, the samples were heated to +15
o
C. We recorded whole videos of 
freezing and melting of ice with the help of a digital camera (DMC-TZ31, Panasonic). All these 
samples (fabricated on 2cm×1cm silicon wafers) were mounted vertically with a 90
o
 tilt angle on 
the cooling plate. 
 
Figure 20 : Schematic of temperature and humidity controlled chamber for icing and deicing test. 
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2.2.6. Evaluation of kinetics of Ice growth 
The experiments were carried out by taking seven identical samples (2cm×1cm) from each set 
and mounting them horizontally onto the cooling plate within the humidity controlled chamber. 
Kinetics of ice formation on different surfaces was measured at -2
o
C under high humidity 
conditions (80% RH) by measuring the weight of the surfaces after certain time intervals. Weight 
difference of the samples before and after frost formation corresponds to the amount of ice 
formed with time. After removal of each sample five minute stabilization time was required to 
maintain the proper conditions for testing.   
2.2.7. Evaluation of Ice adhesion strength 
Ice adhesion measurements were performed in the temperature and humidity controlled chamber, 
where the temperature of the chamber was maintained at -10
°
C. A cylindrical ice column was 
prepared on the sample surface by using a hydrophobic syringe, which was filled by fresh 
deionized water (Milipore, Mili-Q). Diameter of the ice cylinder on the substrate was 16 mm and 
its weight was approximately 1.4 g. Ice cylinders were kept inside the chamber for 16 hr. at -
20
°
C, then they were mounted on a beam inside a home-made centrifuge apparatus (Figure 21). 
Counterweight with a reference sample was always used at the opposite end of the beam to 
balance the weight during spinning.  The samples were spun inside the centrifuge situated in the 
chamber at -10
°
C to determine the rotational speed at which detachment of the ice cylinder 
occurred. The time at which the ice cylinder was detached from the surface was detected by 
hearing a sound from the microphone sensor which was ingrained into the centrifuge walls. The 
ice adhesion force of the sample surfaces was presumed to be equivalent with the centrifugal 
force F = mω2r , where m is the mass of the ice cylinder, 𝜔 is the rotational speed,  r is the 
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radius of the centrifuge beam. Subsequently, the ice adhesion strength, which is a shear stress, 
was calculated by the equation (16): 
                        τ =
F
A
       (Equation 16) 
Where, A is the contact area of the ice-cylinder on the substrate and d is the diameter of the ice 
cylinder (Equation 17). 
                        A =
πd2
4
      (Equation 17) 
 
 
Figure 21 : Schematic of an experimental setup for the ice-adhesion strength measurements 
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2.2.8. Other methods 
Null-ellipsometry 
Null-ellpisometry was used to measure the polymer layer thickness on the flat silicon wafer 
substrate where polymer layers were either grafted from the surface or spin coated from their 
solution. It is a non-destructive measurement technique which provides unequalled capabilities to 
characterized thin film. Film thickness and optical constants were analyzed within sub-nm 
accuracy by using a monochromatic light emitted from a laser source. It is polarized by a 
polarizer (P) and after reflated from the tested surface the phase change between s and p 
components of light were analyzed by a rotating analyzer (A). The change of the phase depends 
on the layer thickness and its reflective index. The intensity at different positions of the analyzer 
is measured by a detector (D) connected to a computer
168, 169
. The change in polarization state can 
be expressed by two parameters: phase parameter (Δ) and amplitude parameter (Ψ). 
 
 
Figure 22 : Simplified scheme of an ellipsometer 
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All ellipsometric measurement were performed at the wave length of λ= 632.8 nm and a 70° 
angle of incidence with a null-ellipsometer (Multiscope, Optrel Berlin, Germany). Thickness of 
the polymer layer was determined with “Ellipsometry: simulation and data evaluation” software 
(OptrelGbR). 
Thermogravimetric Analysis (TGA) 
Thermogravimetric analysis was performed to measure the grafted polymer layer thickness on the 
particle surface. For the core shell particles the amount of initiator groups and polymer chains 
attached to the particle core was calculated by using their density. All these measurements have 
been conducted on a TGAQ5000IR device from TA Instruments Co.in air atmosphere at 
10K/min heating rate.  
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3. Results and Discussions 
3.1. Surfaces based on plain spherical core-shell particles 
3.1.1. Introduction 
Design of functional surface with lower wettability and adhesion is a very challenging task for 
coating industry. Several approaches have been developed to control the wetting properties of the 
materials based on self-assembling monolayers,
170
 layer-by-layer technique,
171
 grafting of 
polymers,
172
 colloidal particles,
173, 174, 175, 176
etc. Colloidal particle attract much attention due to 
the possibility of large scale fabrication at low cost. We can produce low surface energy materials 
by modifying the colloidal particles with different polymers having low-surface-tension 
functional groups such as alkyl or fluorinated alkyl groups or siloxane groups into the chemical 
structure of polymer chains which provide the hydrophobic properties of the surface. The 
advantages  of using colloidal particles is that it can provides both roughness and hydrophobicity 
simultaneously, which are most important requirements to prepare low wetting and low adhesive 
materials. We can vary the roughness simply by varying particle size and also by controlling their 
aggregation behavior. Final properties of the coated surface depend on the chemical functionality 
and also their assembling behavior.  
This part of the thesis belongs to the synthesis and surface modification of the silica particles 
with different size as well as regular and irregular surface preparation by utilizing them. 
Topography, wetting behavior and their ice-phobic properties of the structured surfaces are 
presented in this section. 
 
 
60 
 
3.1.2. Experimental 
Materials 
Ethanol abs. (EtOH, VWR, 99.9%), 3-aminopropyltriethoxysilane (APS, ABCR, 97%), hydrogen 
peroxide (VWR, 30%), ammonia hydroxide (Acros Organics, 28−30 wt %), α -bromoisobutyryl 
bromide (Aldrich, 98%), ethyl- α -bromoisobutyrate (EBiB, Aldrich, 98%), anhydrous 
dichloromethane (Fluka), triethylamine (Fluka), copper(II) bromide (Aldrich, 99.999%), tin(II) 2-
ethylhexanoate (Aldrich, 95%), N,N,N′,N″,N″-pentamethyldiethylenetriamine (PMDTA, Aldrich, 
99%), N,N-dimethylformamide (DMF, Aldrich, 99.8%), tetraethyl orthosilicate (TEOS, Aldrich 
99%), tetrahydrofuran (THF,Sigma-Aldrich,99.9%), toluene (Aldrich, 99.8%), chloroform 
(Aldrich, 99.8%), anisole (Aldrich, 99%), L-ascorbic acid (Aldrich), and poly(glycidyl 
methacrylate) (PGMA, Mn: 48 000, PDI =1.5, Polymer Source) were used as received. 
Monomethacryloxypropyl-terminated PDMS (asymmetric 6−9 cSt PDMS, Gelest), Lauryl 
methacrylate (LMA, Aldrich), Styrene (Sigma-Aldrich), and Poly (ethylene glycol) methyl ether 
methacrylate (Mn=500g/mol, PEGMA, Aldrich). Millipore water was obtained from Milli-Q 
(Millipore). Conductivity:  0.055 μS/cm.  
Modification of flat substrates 
Highly polished single-crystal silicon wafers of (110) orientation (Semiconductor Processing Co.) 
were used as a flat substrate. Several steps were carried out prior to the polymerization steps. 
First, wafers were cleaned in dichloromethane in ultrasonic bath during 30 minutes. Then, placed 
them in a solution of ammonium hydroxide (NH4OH), hydrogen peroxide (H2O2) and MILIQ 
water with ratio 1:1:1 at 70
o
C during 1 hour. After that, rinsed them several times with MILIQ 
water and dried with nitrogen flux. This results the formation of a thin silicone dioxide layer (~ 
1.3 nm) on the surface.  
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It was further modified with 3-aminopropyltriethoxysilane (APS) in 3wt% ethanol solution at 
room temperature. A thin layer of APS (~ 0.6 nm) was adsorbed on the surface. Then the 
bromide initiator (Br-In) was immobilized on the surfaces by placing the wafers into the solution 
of anhydrous dichloromethane (100 ml), trimethylamine (1ml) and α -bromoisobutyryl bromide 
(0.5 ml) at room temperature for 2 hours. Afterwards, rinsed them several times with 
dichloromethane, ethanol and MILIQ water and dried with nitrogen flux. The thickness of the 
adsorbed APS and Br-In layer was measured to be around 1 nm. After each step of modification 
the thickness of the adsorbed layer was controlled via null-ellipsometry measurement.  
Polymer brushes were synthesized by using surface initiated AGET-ATRP.
164, 177
 Briefly, the 
polymerization was performed in a sealed test tube with a septum by mixing of monomer (s) and 
particular amount of corresponding solvent with CuBr2 (0.1M in DMF)  and PMDTA (0.5M in 
DMF)  in the solution. Particular amount of EbiB as a polymerization catalyst was also added to 
the reaction mixture to control the thickness of the polymer brushes. To start the polymerization 
the reducing agent Tin-2-ethylhexanoate or ascorbic acid (1M in DMF) was added into the 
reaction mixture. The reaction was carried out at 90
o
C and at certain period of time to control the 
thickness of the polymer brushes. It can be varied by varying polymerization time and amount of 
catalyst used during polymerization. The wafer subsequently washed in various solvents for 
several times and dried them in a nitrogen stream. The reaction scheme for the modification of 
flat surfaces has shown in the Figure 23. 
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Figure 23 : Reaction scheme for the modification of flat surfaces 
 
Highly polished single-crystal silicon wafers of (110) orientation (Semiconductor Processing Co.) 
were used as a substrate. Following monomers were used for the ATRP to prepared respective 
polymer brushes. All these monomers were filtered prior to the polymerization through acidic, 
neutral, and basic aluminum oxides. 
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Figure 24 : Chemical structures of the used monomers (upper series) and respective polymers 
produced (lower series) after polymerization. 
The detailed information about the components and parameters of synthesis procedure used to 
prepare polymer brushes was summarized in the table. The polymer layer thickness is estimated 
by Null-ellipsometry.   
 
Table 1 : Components, conditions of ATRP procedure and resulted polymer layer thickness on 
flat substrate. 
Surface Monomer EbiB (µl) Time (min) Thickness (nm) 
Flat P(PDMSMA) 2 ml PDMSMA 0.15  60 42 ± 3 
Flat PLMA 2 ml LMA 0.15  30 47 ± 3 
Flat PS 2 ml Styrene 0.15  90 28 ± 3 
Flat P(PEGMA) 2 ml PEGMA 0.15  60 34 ± 3 
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3.1.3. Synthesis and surface modification of spherical silica particles 
Synthesis of native silica particles. 
Monodisperse silica particles were prepared by using Stöber synthetic approach. Tetraethyl 
orthosilicate (TEOS, 1.5 ml) was added to the reaction mixture of ethanol (50 ml) and saturated 
ammonia hydroxide (3 ml). The reaction mixture was stirred at 500 rpm in room temperature for 
24 hour. Then separate them through centrifugation, washed several times with ethanol and dried 
in a vacuum oven for 18 hours. 100nm monodisperse silica particles were prepared by this one-
step method.  
200 nm large particles were prepared by using 25 ml aliquot from the previous dispersion. 175 ml 
of absolute ethanol, 12 ml of ammonia hydroxide and 6 ml of tetraethyl orthosilicate were mixed 
to that particular dispersion. Same procedure was followed to prepare 200 nm monodisperse 
silica particles as above. Several times washing with ethanol then dried them in a vacuum oven 
for 18 hours. Then large 1000 nm silica particles were synthesized by a multi-step procedure   as 
described elsewhere
60
. Several others modification steps were also performed on the particle 
surface as like flat surface.  
Modification of particles with 3-aminopropyltriethoxysilane (APS) 
The chemisorption of APS was carried out by 5 wt% APS solution in ethanol within 24 hours. 
Dried silica particles were dispersed in 95 ml ethanol for 30 min in an ultrasonic bath. Thereafter, 
5 ml APS was added to the mixture by using a syringe and stirred for 24 hours at room 
temperature at 700 rpm. Washing of the particles was carried out 5 times in ethanol by using 
centrifugation. The particles were dried at 60
o
C under vacuum.  
Immobilization of the initiator for ATRP 
1 gm of APS modified silica particle was dispersed in 50 ml of anhydrous dichloromethane. 
Then, 1 ml of α -bromoisobutyryl bromide and 2 ml of trimethylamine added to the reaction 
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mixture via syringe. The reaction was takes place at room temperature within 2 hours by stirring 
with a magnetic stirrer at 700 rpm. The particles were centrifuged and washed several times with 
dichloromethane, distilled water and ethanol. Finally, the purified particles were dried in a 
vacuum oven at 60
o
C.  
AGET-ATRP on spherical silica particles 
Bromo-initiator modified silica particles were dispersed in the appropriate amount of monomer 
and solvent in a test tube with magnetic stirrer. Particular amount of CuBr2 (0.1M in DMF), 
PMDTA (0.5M in DMF) and EbiB as a catalyst were added to the reaction mixture. The reaction 
mixture was purged with argon for 10 min to remove the excess oxygen inside the reaction tube. 
To initiate the polymerization the reducing agent Tin-2-ethylhexanoate or ascorbic acid (1M in 
DMF) was added into the reaction mixture. Then the test tube was heated up to 90
o
C in an oil 
bath for a specified time period. The particles were separated by centrifugation after termination 
of the polymerization. Thereafter, washed them several times with different solvents and dried 
under vacuum at 40
o
C. 
3.1.4. Characterization of the plain core-shell particles 
Scanning electron microscopy (SEM)  
Qualitative information about the particle surface topography has been investigated by scanning 
electron microscopy analysis. It is also useful to determine whether the polymer has been 
successfully grafted on the particle surfaces or not. It can be seen that after polymerization of the 
particles the surface become much more rough which is the indication of the presence of grafted 
polymer layers on the particle. Particles modified with different polymers have different surface 
topography.  P(PDMSMA) and PLMA modified particles are more rough in compare to the PS 
and P(PEGMA) modified particles (Figure 25). 
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Figure 25 : representative SEM imagesof 1000 nm SiO2 particles with (a) P(PDMSMA)  (b) 
PLMA (c) PS and (d) P(PEGMA) polymeric shells 
Thermogravimetric analysis (TGA) 
TGA measurements have been performed in order to quantify the amount of grafted polymer 
layer on the particle surface. The difference between the mass loss after and before 
polymerization has been used to calculate the thickness of the polymer layer. Higher mass loss is 
observed for polymer modified particles due to the burning of grafted polymer layer at 800
o
C. 
Mass loss of the polymer modified particles has been started from the beginning of the each 
curve due to the presence of the very lower amount of adsorbed moistures and non-polymerized 
monomers. After normalization of each curve we have consider the difference of mass loss 
between 800
o
C and 120
o
C. P(PDMSMA) and PLMA  modified core-shell particle has higher 
mass loss value in compare to others due to the higher amount of grafted polymer layers on the 
particle surface.     
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Figure 26 : Thermogravimetric curves of modified 1µm silica particles with different polymer 
To determine the thickness of grafted polymer layer equation (18) is used:  
HPol =  
R
3
ρSiO2
ρPol
(mPol−mIn) 
100%−mPol
    (Equation 18) 
where R is the radius of the particle, ρSio2 and ρPol are the mass densities of particles and 
polymers, respectively (either PS, P(PDMSMA), PLMA, or P(PEGMA)), and mPol and mIn are 
the mass loss values in the TGA experiments for the particles before and after polymer grafting 
on the particle surface, respectively.
178
 Resulted thickness of the grafted polymer layers is 
summarized in the Table 2.  
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Table 2 : Results of thermogravimetric analysis after modification with different polymers 
System Mass loss (%) Estimated thickness of 
polymer shell, HPol, nm 
P(PDMSMA)-SiO2-1µm 21 27 
PLMA-SiO2-1µm 21.4 31 
PS-SiO2-1µm 17 22 
P(PEGMA)-SiO2-1µm 18 24 
 
3.1.5. Preparation of structured surfaces based on plain core-shell particles 
Rough structured surfaces with hybrid core-shell particles were prepared by the following 
methods. APS-modified silicon wafer was immobilized with a thin and uniform poly (glycidyl 
methacrylate) (PGMA) layer via spin coating. For this purpose, 1 wt% PGMA solution in 
chloroform was prepared and passed through a filter paper. This solution was dropped onto the 
wafer surface during spinning at a constant rate (2000 rpm accelerated with 1900 R/sec
2
). Then 
the PGMA-coated wafers were annealed at 150
o
C for 20 min in vacuum oven. The thickness of 
the obtained PGMA layer was measured to be around 80 nm. Subsequently, immobilization of 
the core-shell particles onto the PGMA-coated substrate was carried out by the following 
procedures: firstly, by solvent casting method 
179
 and secondly, floatation technique.
129, 130, 180
 
Uniform and hexagonally packed particle layers were prepared by these methods. Briefly, for 
solvent casting we took a 10 wt% dispersion of polymer-modified particles and dried it on the 
surface of a PGMA-coated wafer. In case of floatation technique, we deposited particles on air-
water interface through a glass slide which was eventually 45
o
 tilted to the surface that lead to the 
formation of a well-ordered particle layer. This layer was transferred carefully to the PGMA 
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coated wafer. Afterwards, the prepared rough surfaces were annealed at 150 °C in a vacuum oven 
for 2 h. Finally, the samples were immersed in an ultrasonic bath in the same solvent for several 
seconds to remove weakly-attached grafted particles. The quality of the prepared particle-covered 
substrates was checked by SEM and AFM measurements.  
 
Figure 27 : Scheme of the surface preparation by flotation technique 
 
Figure 28 : Scheme of the surface preparation by solvent casting 
Particle deposition 
 
Annealing (150oC/2h) 
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3.1.6. Characterization of structured surfaces 
In this work, surfaces with different topography and geometry has been prepared by using core-
shell particles with different size (1000, 200, and 20 nm) and as well as polymers with different 
hydrophobicity/hydropilicity – poly-(polydimethylsiloxane methacrylate) (P(PDMSMA)), 
poly(lauryl methacrylate) (PLMA), polystyrene (PS)  and poly-(polyethylene glycol 
methacrylate) (P(PEGMA)). From the point of view of water contact angle values, PS is on the 
edge between hydrophobic and hydrophilic substances (advancing and receding contact angle on 
a flat PS surface is ca. 90°). On the contrary, P(PDMSMA) and PLMA are highly hydrophobic 
polymers (advancing and receding contact angle on flat P(PDMSMA) and PLMA surfaces are ca. 
110°). P(PEGMA) is a highly hydrophilic swellable polymer (advancing contact angle on flat 
P(PEGMA) surface is ca. 30°), and its mixtures with water have very low freezing points. 
Topography and morphology of the prepared surfaces have been characterized by SEM and 
AFM.  
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Figure 29 : Representative SEM images of layers based on spherical core-shell particles (a, b, c) 
1000nm, 200nm and 20 nm P(PDMSMA), (d,e) 1000 nm and 200 nm PLMA, (f,g) 1000nm and 
200nm PS and (h,i) 1000 nm and 200 nm P(PEGMA). 
We fabricated rough structured surfaces with well-defined geometry using core-shell hybrid 
colloidal particles with varying their particle size of 1000 nm, 200 nm, and 20 nm. These surfaces 
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were prepared on silicon wafer coated by a thick layer of poly (glycidyl methacrylate), which 
served as an adhesion promoter and prevented disintegration of the particle layers in tests. We 
observed that 1000 nm large particles tend to form more ordered layers than 200 nm particles. 
The smallest particles (20 nm) were agglomerated and formed very rough unordered layers. The 
surfaces of all particles were chemically modified by grafted polymers chains: P(PDMSMA), 
PLMA, PS and  P(PEGMA). 
Such kinds of surfaces are model surfaces since the roughness parameters of these surfaces as 
well as their wetting properties can be estimated on the basis of their geometry. In particular, 
surfaces from spherical particles the estimated roughness factor (ratio between the real surface 
area and the projected one) is rs = 1.9
181
, which is independent from the particle diameter. RMS 
roughness (standard deviation of the feature height values within a given area) of the layers of 
well-ordered particles is Rq = 0.54 R.
175
 The values of roughness obtained from AFM 
measurements are always lower than the estimated ones because of the specific resolution of 
AFM limited by the shape of the tip. We have also measured their roughness values from Nano 
focus measurement. This was the simple and fast method to measure roughness parameters for 
larger area analysis. All the measured roughness parameters obtained from AFM and Nano focus 
are summarized in the Table 3 & 4.  Representative AFM images of surface based on colloidal 
particles of different size are presented in the Figure 30.  
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Figure 30 : Representative AFM images of layers based on spherical core-shell particles (a, b) 
1000nm, 200 nm P(PDMSMA); Magnified AFM image and height-distance curve for (c, d) 1000 
nm P(PDMSMA), and (e, f) 200 nm P(PDMSMA) layers  
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Table 3 : Theoretically estimated and measured roughness parameters of layers prepared from 
spherical particles 
Surface Rq, nm rs 
 Estimated measured estimated Measured 
Particles 1000 nm 270 120 1.9 1.3-1.4 
Particles 200 nm 54 30 1.9 1.2 
Particles 20 nm 5.4 600 1.9 1.6 
 
From Nano focus we have measured the roughness parameters for 160X160µm area by using 
FRT MARK-III software. Ra (arithmetical roughness), Rq (RMS roughness), rs (roughness factor) 
and fractal dimension (FD) were measured through box counting method. The definition of a 
fractal is any point set whose fractal dimension is strictly greater than its topological dimension. 
For a fractal surface, lateral and vertical scaling behaviors are not identical but can be determined 
by the scaling law.
182
   
Table 4 : Roughness parameters measured from optically measuring device (Nano Focus) of the 
layers prepared from spherical particles 
Surface Ra, nm Rq, nm rs FD 
Particles 1000 nm 258 497 1.728 2.006 
Particles 200 nm 134 193 1.134 2.024 
Particles 20 nm 768 1477 2.724 2.452 
 
It has been found that 1000 nm and 200 nm particles formed hexagonally packed regular 
structured whereas irregular structured surfaces obtained from 20 nm core-shell particles. From 
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the roughness parameter value we observed that 20 nm particle surface showed quite high RMS 
roughness value and also higher fractal dimension in compare to the larger particles. It is 
obtained due to the formation of large agglomeration from 20 nm P(PDMSMA) modified 
particles.    
Wettability of designed surfaces 
Wetting properties of the prepared flat and rough structured surfaces have been investigated. It 
has been found that the advancing contact angle on a rough particle-PS-modified surface is ca. 
130° and the receding one is in the range of 60°-90° (Figure 31). In fact, PS is not a truly 
hydrophobic polymer (cosθ = 0), and, according to the equation of Wenzel and Cassie-Baxter,53, 
56
 the contact angle on a PS surface must be independent of roughness. Wetting of P(PDMSMA)-
based and PLMA-based surfaces differs from wetting of PS-based ones. On a P(PDMSMA) 
surface made from 1µm and 200 nm large particles both water advancing and receding angles are 
generally higher than on PS. We observed that some P(PDMSMA)-based surfaces (surfaces made 
from 20 nm particles) are really superhydrophobic, where both advancing and receding contact 
angles are higher than 150°. Superhydrophobic behavior of surfaces formed by 20 nm particles 
can be explained by the tendency of particles to spontaneously form aggregates, which have 
structures similar to fractal surfaces.
182
 All P(PEGMA)-based flat and rough surfaces are very 
hydrophilic with low advancing and receding contact angles. Thus, based on the values of 
advancing and receding water contact angles, we can summarize that hydrophobicity of surfaces 
decreases in the sequence: P(PDMSMA)-based irregular (20 nm) > regular rough P(PDMSMA) 
and PLMA (1000 nm and 200 nm) > PS (1000 nm and 200 nm) > P(PEGMA) all. 
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Figure 31 : Advancing and receding contact angles of P(PDMSMA), PLMA, PS and 
P(PEGMA)-modified flat and rough structured surfaces with plain core –shell particles (PC) 
We also assessed wetting properties by measuring the values of sliding angles of water droplets 
of different size: 5µl, 10µl and 20µl (Figure 32). It was observed that the values of sliding angles 
on all PS surfaces (flat and rough), P(PDMSMA)-based flat ones and the ones prepared using 
1000 nm and 200 nm particles are high ( > 40°), which indicates on high water adhesion. 
Contrary, the values of sliding angles on irregular P(PDMSMA) surfaces based on 20 nm small 
particles, (< 2°). This means that the water adhesion to these surfaces is low, and water droplets 
slide off easily. The sliding of water droplets on P(PEGMA) surfaces could not be measured due 
to their high hydrophilicity as well as strong water spreading and penetration. Thus, values of 
sliding angles confirm that hydrophobicity of the surfaces decreases in the sequence: 
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P(PDMSMA)-based irregular (20 nm) > regular rough P(PDMSMA) and PLMA (1000 nm and 
200 nm) > PS all > P(PEGMA) all. 
 
Figure 32 : Sliding angles of P(PDMSMA), PLMA, PS and P(PEGMA)-modified flat and rough 
structured surfaces with plain core-shell particles (PC). 
In order to explain this sequence one has to consider two effects: chemical structure of polymers 
and roughness. The polarity of polymers increases in the sequence P(PDMSMA)→ PLMA→ 
PS→ P(PEGMA), as it can be concluded from the values of contact angles on corresponding flat 
surfaces. Roughness enhances intrinsic properties of polymers and makes an intrinsically 
hydrophilic surface even more hydrophilic, and hydrophobic surfaces superhydrophobic. 
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Therefore, rough P(PDMSMA) surfaces are the most hydrophobic, and rough P(PEGMA) 
surfaces are the most hydrophilic ones. 
3.1.7. Evaluation of Ice-phobic properties 
3.1.7.1. Freezing and thawing experiments 
To understand the ice-phobic behavior of surfaces, we investigated the freezing and thawing on 
modified surfaces. A gradual decrease in temperature results in an increase in relative humidity, 
and water droplets start to condense on surfaces. The character of condensation depends, 
however, on the properties of the surface. We did not observe individual droplets on the 
P(PEGMA) surface, but rather a thin continuous water layer, which gets immediately frozen in a 
few seconds (Figure 33a). Rough P(PEGMA) surfaces demonstrated similar behavior (Figure 
33b). Compact droplets were observed on flat and rough hydrophobic P(PDMSMA), PLMA and 
PS surfaces (Figure 33d,e). We found that initially these droplets are small (2-3 m), they grow, 
and meanwhile new droplets are formed by water condensation. At some point we did not 
observe the formation of new water droplets, but only the growth and merging of the existing 
ones. Further cooling led to freezing of the droplets. Notably, freezing of water droplets on 
hydrophobic surfaces occurred much later (ca. 1 – 2 min) than on hydrophilic P(PEGMA) ones, 
and the freezing on rough surfaces occurred later than on flat ones. Further freezing led to an 
increase in the amount of formed ice on hydrophobic and hydrophilic surfaces. The mechanism 
of ice growth is however different. The results suggest that ice growth on hydrophobic surfaces is 
due to the growth of already formed ice crystals. No ice formation on naked polymer surfaces 
was observed. On the other hand, new ice crystals are formed on hydrophilic polymer surfaces, 
and on already formed ice crystals. This is particularly visible in the cryo-SEM images of frozen 
droplets on hydrophobic and hydrophilic surfaces (Figure 33c, f). Frozen ice droplets are covered 
by small ice crystals, while no small ice crystals were observed on hydrophobic surfaces (Figure 
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33f). On the other hand, small ice crystals are formed on frozen ice droplets and hydrophilic 
surfaces (Figure 33c).  
 
Figure 33 : Formation of ice layers. Optical microscopy images (a,b,d,e) of water droplet 
condensation and their freezing on flat (a,d) and rough (b,e) hydrophilic P(PEGMA) (a,b) as well 
as hydrophobic PLMA (d,e) surfaces. Cryo-SEM images (c,f) of frozen water droplets on  
surfaces formed by 1000 nm large particles modified by P(PEGMA) (c) and PLMA (f) with 
different magnifications. 
These results suggested that water droplets on flat and rough hydrophilic P(PEGMA) surfaces 
freeze first, while they freeze with some delay on flat and rough hydrophobic ones. In case of 
hydrophobic surfaces, ice growth is provided by the growth of an already formed ice crystal. In 
case of hydrophilic surfaces, ice grows on both naked polymer surfaces and already formed ice 
crystals. Ice growth on hydrophilic surfaces is faster than on hydrophobic ones. The delayed 
freezing of hydrophobic surfaces can be explained by considering the shape of the water droplets. 
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Water droplets on hydrophilic surfaces are flattened, while the droplets on hydrophobic ones are 
more spherical. Therefore, the contact area of the droplets with the same volume on hydrophilic 
surfaces is larger than that on hydrophobic ones, and their cooling is faster.  
3.1.7.2. Evaluation of kinetics of Ice growth 
We observed that ice growth rate on all surfaces is linear at the beginning (0 - 1000 s) and comes 
to its saturation after 4 hours, when no further ice growth was detected (Figure 34a). We explain 
the plateau with the thermal insulation of polymer substrates by the formed ice layer that 
increases the temperature on the surface of the growing ice layer and thus slows down its growth. 
We found that ice growth rate, which was calculated as an angle of inclination in Figure 
34bduring first 1000 s, on hydrophobic surfaces is lower than that on hydrophilic ones, and more 
ice is condensed on hydrophilic surfaces before saturation (Figure 34a). Moreover, ice growth 
rate on rough surfaces is typically lower than that on flat ones.  
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Figure 34 : Kinetics of ice growth (a – change of ice weight with time, b – ice growth rate 
measured during first 1000 s of freezing) of P(PDMSMA), PLMA, PS and P(PEGMA)-modified 
flat and rough structured surfaces. 
The mechanisms of ice growth on hydrophilic and hydrophobic surfaces are, however, different. 
In case of hydrophobic surfaces, ice growth is provided by the growth of already formed ice 
crystals. In case of a hydrophilic surface, ice grows both on the naked polymer surface and on the 
already formed ice crystals. The difference in ice growth mechanisms can be explained by 
considering the polarity of polymers: P(PEGMA) is hydrophilic and water molecules like to 
adhere to it by forming hydrogen bonds with polymer molecules. P(PDMSMA), PLMA and PS 
a 
b 
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are hydrophobic, and are unable to form hydrogen bonds. As a result, ice grows faster on 
hydrophilic surfaces than on hydrophobic ones.  
Increase in the temperature results in the melting of ice, which occurs independently of the 
surface nature at 0°C (Figure 35). The melting ice forms a continuous water layer on hydrophilic 
surfaces, which easily leaves the surface (Figure 35a-d, i, j). On the hydrophobic surfaces, 
molten ice crystals merge (Figure 35a-d, e-h) and form droplets with the size of 20 – 50 m 
formed by fused ice crystals. These droplets remain pinned and can be removed from the surfaces 
only by strong shaking. Similar behavior was observed on rough surfaces formed by 1000 nm 
and 200 nm particles as well as superhydrophobic surfaces (Figure 35 i-k). These small droplets, 
which remain immobile, can freeze again upon second cooling. The shape of frozen droplets is 
rounded as the shape of water droplets. Further cooling results in their anisotropic growth and 
formation of crystals, however, no formation of ice crystals on naked polymer surfaces was 
observed. Very interesting is that the small droplets formed on superhydrophobic surfaces after 
ice thawing is also very immobile and can be removed only by strong shaking. Thus, thawed 
water gets out from hydrophilic surfaces easier than from hydrophobic ones.  
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Figure 35 : Optical microscopy images during ice melting on flat PLMA and P(PEGMA) 
surfaces: (a-d) - small magnification; (e-h) – large magnification  -  melting of ice on the PLMA 
surface; (i-k) - large magnification  - melting of ice on the superhydrophobic 20 nm 
P(PDMSMA) surface; (l-m) – large magnification  - melting of ice on the P(PEGMA) surface. 
Melting of ice leads to the formation of small individual droplets, which are immobile on 
hydrophobic surfaces, and form thin mobile water layer on hydrophilic ones. The difference in 
the droplet shape formed by ice molten on hydrophilic and hydrophobic surfaces arises due to the 
difference in their wetting properties: water contact angle on P(PDMSMA), PLMA and PS 
surfaces is high, and the difference between advancing and receding angles (contact angle 
hysteresis) is also large, which does not allow the droplet to easily slide off. The contact angle on 
the P(PEGMA) surface is low, and water droplets are flattened, which facilitates their 
evaporation (because of the high surface to volume ratio). 
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3.1.7.3. Evaluation of Ice adhesion strength 
It has been found that ice adhesion strength on all hydrophobic flat polymers (P(PDMSMA), PS, 
PLMA) is nearly the same and is about 100 kPa,  which can be explained by similar 
hydrophobicity of the polymers (Figure 36). We observed that roughness either increases the 
adhesion strength of ice on PS surfaces (in case when the surfaces are formed by plain 1000 nm 
particles), or remains unchanged (in case when the surfaces are formed by planar 200 nm 
particles). We also observed that increasing roughness results in an increase in the ice adhesion 
strength in case of PLMA. However, we observed an opposite trend in case of P(PDMSMA)-
modified surfaces, i.e. increasing roughness decreases the adhesion strength, whereas the minimal 
adhesion is observed in case of superhydrophobic surfaces formed by 20 nm. The flat P(PEGMA) 
surface demonstrated very low ice adhesion (< 50 kPa), while increasing roughness dramatically 
increased the ice adhesion.  Thus, surfaces with the lowest ice adhesion are superhydrophobic 
P(PDMSMA) based ones (20 nm) and flat P(PEGMA). The maximal ice adhesion strength was 
observed for rough P(PEGMA) surfaces, and rough PS surfaces prepared from 1000 nm particles.  
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Figure 36 : Ice adhesion strength on P(PDMSMA), PLMA, PS and P(PEGMA)-modified flat 
and rough structured surfaces with plain core-shell particles (PC). 
High adhesion on PS surfaces formed by large particles can be explained by the penetration of 
water through the pores between the particles due to gravity. On the other hand, freezing results 
in the formation of a strong mechanical contact between ice and the surface. Apparently, water 
droplets cannot penetrate in the narrow pores between the 200 nm particles, which reduce ice 
adhesion. High adhesion of ice on rough P(PEGMA) surfaces can be explained in a similar way: 
water simply penetrates between P(PEGMA)-modified particles that build very strong 
mechanical contact between ice and the surface.  Low adhesion of ice to superhydrophobic 
surfaces can be explained by a small real contact area between ice and the polymer surfaces. Low 
adhesion of ice to the flat P(PEGMA) surface can be explained by the “antifreeze” properties of 
P(PEGMA) – the freezing point of poly(ethylene glycol)-water solutions is -10°C to -25°C 
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(Figure 37). We believe that the hydrated P(PEGMA) brush does not freeze and this liquid layer 
serves as a lubricant and facilitates the removal of ice from the surface.  
 
Figure 37 : Freezing point of P(PEGMA)-water mixtures 
Table 5 : Advantages and disadvantages of (super) hydrophobic and hydrophilic surfaces with 
respect to their anti-icing properties 
(super) hydrophobic (flat and rough) surfaces flat hydrophilic surfaces 
+ slow ice growth (growth only on existing ice 
crystals, no growth on naked polymer) 
- fast ice growth (growth on existing ice 
crystals and naked polymer) 
+ low ice adhesion (reduced contact area) + low ice adhesion (low freezing point) 
- pinning of water droplets after thawing + easier removal of water after thawing 
 
3.1.8. Stability and robustness 
Stability and robustness of the surfaces has been confirmed by capturing the optical microscopy 
images before and after ice adhesion strength measurements. 
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Figure 38 :Representative optical microscopy images of the surfaces with (a) P(PDMSMA)-
1000, (b) PS-1000, (c) P(PEGMA)-1000 and (d) P(PDMSMA)-200 particles before (left) and 
after (right) ice adhesion strength measurements 
It has been observed that surfaces with P(PDMSMA) modified particles are more stable  in 
compare to the others (PS or P(PEGMA)). Since, 1000 nm PS and P(PEGMA) modified particle 
surfaces have very strong ice adhesion (~220 and 350 kPa respectively), so during removal of ice 
cylinder they form scratches on the surface.  However all P(PEGMA)-modified surfaces are less 
stable due to their hygroscopic behavior. It adsorbed moisture from the air and form crosslinked 
network structure through hydrogen bonding, which has a lower adhesion to the substrate.  
Furthermore, surfaces made up with 200 nm modified particles have better stability in compare to 
the larger particles (1000 nm) due to the better embedment of the smaller particle into the PGMA 
layer. Smaller particles (200 nm) formed multilayer structure where they have a strong 
networking structure in between the layers. On the other hand, 1000 nm particles formed 
monolayer structure which has a week adhesion to the PGMA layer due to the lower surface area 
in compare to the smaller ones as reported by Thomas et al.
183
 For 200 nm particle surfaces we 
investigated through SEM imaging techniques (Figure 39) where no damages were found after 
the ice removal tests.   
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Figure 39 : Representative SEM images of the surfaces with (a) P(PDMSMA)-200, and (b) PS-
200 particles before (left) and after (right) ice adhesion strength measurements  
3.1.9. Conclusion 
We thoroughly investigated the effects of geometry/roughness, chemical and elastic properties of 
flat and structured surfaces on their ice-phobic behavior. It has been found that the freezing of 
condensed water droplets on P(PDMSMA) , PLMA and PS  modified hydrophobic surface 
occurs later because of their rounded shape and slower heat exchange. Moreover, growth of ice 
on hydrophobic surfaces is slower than on hydrophilic ones, because ice grows either on already 
formed ice crystals, or on a hydrophilic surface, but not on the naked hydrophobic polymer. We 
have demonstrated that structured surfaces with 200 nm and 20 nm P(PDMSMA) modified 
particles and flat poly(ethylene glycol)-based surface showed  the lowest ice adhesion strength (< 
50 kPa). The reason for the low ice adhesion is the low freezing point of water – poly (ethylene 
glycol) mixtures in case of flat hydrophilic surfaces, and the small contact area with ice in case of 
before after 
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structured surfaces. We found that hydrophobic structured surfaces with smaller particles (200 
nm) have better stability than hydrophilic ones. It can conclude that the use of (super) 
hydrophobic and hydrophilic surfaces is promising for the design of ice-phobic surfaces. 
However, each of these kinds of polymers has advantages but also disadvantages (Table 5), and 
neither purely (super) hydrophobic polymeric surfaces, nor “antifreeze” hydrophilic ones provide 
an ideal solution for the problem of icing.  
3.2. Structured Surface based on raspberry-like particles 
3.2.1. Introduction 
In order to design ice-phobic materials, structured surface based on complex colloidal particles 
such as raspberry-like particles is an elegant approach. For this purpose, raspberry-like particles 
by controlled aggregation of small particles over larger ones has been synthesized. It can be 
synthesized by physical adsorption
184, 185, 186, 187
 or by chemical bonding
60, 178, 188, 189
 of small 
particles to the larger ones. From the state of the art they generally prepared them by using silane 
chemistry. But they are unable to provide proper chemically and mechanically stable raspberry-
like structures due to either solubility of the components or weak linkage between the particles.  
In this study, smaller particles (100 and 200 nm) are chemically bind to a larger one (1000 nm) 
by using poly(glycidyl methacrylate) (PGMA) brush layer as a suitable coupling agent. PGMA is 
able to react with amino and carboxyl groups due to the presence of its epoxy group. PGMA 
layers are generally  applied to synthesized mono and mixed polymer brushes
190, 191, 192, 193, 194
 and 
also for immobilization of colloidal particles on textile surfaces.
173
 Thick PGMA grafted layer 
(~65nm) is used to couple inorganic particles and it provides proper stability towards mechanical 
treatment and organic solvents. Preparation of such robust raspberry-like particles modified with 
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a grafted polymeric shell (P(PDMSMA)) has been proposed here. We have investigated their 
wetting properties and ice-phobic behavior after making coatings based on them.   
3.2.2. Experimental 
Materials 
Ethanol abs. (EtOH, VWR, 99.9%), 3-aminopropyltriethoxysilane (APS, ABCR, 97%), hydrogen 
peroxide (VWR, 30%), ammonia hydroxide (Acros Organics, 28−30 wt %), α -bromoisobutyryl 
bromide (Aldrich, 98%), ethyl- α -bromoisobutyrate (EBiB, Aldrich, 98%), anhydrous 
dichloromethane (Fluka), triethylamine (Fluka), copper(II) bromide (Aldrich, 99.999%), tin(II) 2-
ethylhexanoate (Aldrich, 95%), N,N,N′,N″,N″-pentamethyldiethylenetriamine (PMDTA, Aldrich, 
99%), N,N-dimethylformamide (DMF, Aldrich, 99.8%), ethylenediamine (99.5%, Aldrich), 
tetraethyl orthosilicate (TEOS, Aldrich 99%), tetrahydrofuran (THF,Sigma-Aldrich,99.9%), 
toluene (Aldrich, 99.8%), chloroform (Aldrich, 99.8%), anisole (Aldrich, 99%), and glycidyl 
methacrylate (GMA, Aldrich, 97%) were used as received. Monomethacryloxypropyl-terminated 
PDMS (asymmetric 6−9 cSt PDMSMA, Gelest). Millipore water was obtained from Milli-Q 
(Millipore). Conductivity:  0.055 μS/cm. 
3.2.3. Synthesis of raspberry like core-shell particles 
Modification of large particles (1000nm) with glycidyl methacrylate (GMA) 
Bromo-initiator modified silica particles (1000nm) were dispersed in 2 ml of anhydrous DMF 
and 2 ml of GMA in a test tube with a magnetic stirrer. 8 µl of CuBr2 (0.1M in DMF) and 8 µl of 
PMDTA (0.5M in DMF) were also added to the reaction mixture. The reaction mixture was 
purged with argon for 10 min to remove the excess oxygen inside the reaction tube. To initiate 
the polymerization 50 µl of the reducing agent Tin-2-ethylhexanoate was added into the reaction 
mixture. Then the test tube was heated up to 70
o
C in an oil bath for 20 min. The particles were 
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separated by centrifugation after termination of the polymerization. Finally, washed them several 
times with DMF and ethanol and dried under vacuum at 40
o
C.  
Preparation of raspberry-like particles 
20 ml suspension of APS modified small particles (0.75gm) either 100 nm or 200 nm in ethanol 
were mixed with 25 ml suspension of PGMA modified particles (0.5gm) in ethanol. The reaction 
mixture was refluxed for 50h. Non-grafted small particles were separated from the reaction 
mixture by centrifugation. Finally, the obtained raspberry-like particles were washed several 
times with ethanol and dried in a vacuum oven at 40
o
C. The quality of the obtained particles was 
confirmed by SEM. 
Modification of the raspberry-like particles with ethylene diamine 
5 ml of ethylenediamine was added to the 50 ml suspension of raspberry-like particles (0.5gm). 
This reaction mixture was refluxed for 30 h. The particles were washed several times with 
ethanol and dichloromethane. Then the amino modified raspberry-like particles were dried in a 
vacuum oven 60
o
C. 
Immobilization of the ATRP initiator on raspberry-like particles 
Bromo-initiator was immobilized on the raspberry-like particle surface following the same way 
as it was for spherical particles. 
Grafting of raspberry-like particles with Monomethacryloxypropyl-terminated PDMS 
(PDMSMA) 
3 ml monomer of PDMSMA was added to the dispersion of bromo-initiator modified raspberry-
like particles in 3 ml of anisole in a test tube with a magnetic stirrer. 64 µl of CuBr2 (0.1M in 
DMF) and 64 µl of PMDTA (0.5M in DMF) were also added to the reaction mixture. Argon was 
purged for 10 min to carry out the reaction in an inert atmosphere. After the addition of 50 µl 
Tin-2-ethylhexanoate as a reducing agent the reaction mixture was heated up to 90
o
C in an oil 
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bath. The polymerization was stopped after 1h and the particles were separated by centrifugation. 
Finally, washed them several times with anisole and toluene and dried under vacuum at 40
o
C. 
The reaction scheme for the synthesis and modification of raspberry-like particles has shown in 
the Figure 40. 
 
Figure 40 : Reaction scheme for the synthesis and modification of the raspberry-like core-shell 
particles 
Raspberry-like particles have been modified with P(PDMSMA) to form an extremely 
hydrophobic  structured surfaces. From the section 3.1.6 it has been found that hydrophobicity of 
the polymer decreases in the sequence: P(PDMSMA)> PLMA > PS. We also found that 20 nm 
P(PDMSMA) modified particles showed better ice-phobicity in compare to the others due to their 
large agglomerated structure. In this chapter our aim is to design such type of structured surfaces 
with core-shell raspberry-like particles and compare the results with surfaces modified with plain 
core-shell particles. 
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3.2.4. Preparation of structured surfaces based on raspberry-like core-shell particles 
Highly polished single-crystal silicon wafers of (110) orientation (Semiconductor Processing Co.) 
were used as a substrate for the preparation of rough structured surfaces with polymer modified 
raspberry-like particles.10 wt% dispersion of these particles were dried on a PGMA coated wafer 
then annealed at 150 °C in a vacuum oven for 2 h. It was found that the obtained surface was 
stable after cross-linking of the PGMA layer. Details of the surface preparation were explained in 
the section 3.1.3. The quality of the prepared surfaces was checked through SEM analysis 
techniques. 
 
Figure 41 : Scheme of the preparation of fractal superhydrophobic surfaces with raspberry like 
particles. 
3.2.5. Topography and wetting properties of structured surfaces 
The obtained layers are unordered and possess two level of roughness after coated on the 
substrate. Moreover, the raspberry-like particles retained their original structure after several 
steps of modification and after coating on the wafer too. It has been confirmed from the SEM 
images. 1000nm large particles have been used as a core and 100 or 200 nm small particles are 
surrounded over the larger one. From the SEM Images, it has been observed that in case of 100 
nm smaller particles the quality of the obtained raspberry-like particles is better than 200 nm 
particles. This is due to the contact area between the larger and smaller particles. For 100 nm 
particles, higher surface area of the large particles is covered by them which is lower in case of 
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200 nm particles. If we go on increasing the particle sizes which is attached to the core particle 
the quality of the raspberry-like particles are diminish due to the reduced contact area between 
core big particle and surrounded smaller particles. The final properties of the coated surface from 
both types of particles are almost similar since it does not effect to the roughness of the finally 
achieved surface. Surface prepared from 20 nm particles showed almost same topography as 
raspberry like-particles due to their strong aggregation behavior (Figure 42).   
  
Figure 42 : Representative SEM images of particle layers with (a) 20 nm P(PDMSMA) (b) Rsp-
1000/100-P(PDMSMA) (c) Rsp-1000/200-P(PDMSMA). 
Raspberry-like particles always formed fractal structures due to their complex geometry, 
independently of the particle packing character. The estimated roughness factor of surfaces 
prepared using raspberry like particles is rs= 1.9.
181
 The prediction of the RMS roughness of 
a 
b 
c 
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surfaces with raspberry-like particles is very difficult due to their complex morphological 
structure. They have dual morphology due to the individual large spherical particles and smaller 
particles surrounded over them.  
 
Wetting properties have been investigated and compared the results with plain core-shell particles 
with same polymeric shell P(PDMSMA). Because of the rough hierarchical fractal structure
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they have shown extreme hydrophobic behavior where both apparent advancing and receding 
contact angles are more than 150
o
 and hysteresis is less than 5
o
. It is the criteria to form 
superhydrophobic surface. This behavior cannot be explained by using Cassie-Baxter equation
55
, 
which predicts that superhydrophobic behavior is achievable only on intrinsic hydrophobic 
materials (CA>90
o
). According to the Johnson and Dettre model, the thermodynamically 
unfavorable behavior can be explained by the entrapment of a liquid drop in a metastable state.
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Moreover, a water droplet can freely rotate on the particle layer due to very low contact angle 
hysteresis and minimum sliding angle value (Figure 43b). Sliding angle values of P(PDMSMA) 
modified 20 nm and raspberry-like particle layers shown 1-2
o
 due to their surface structure. 
Water droplet can freely move on the surfaces due to the entrapment of air pockets into grooves 
where it sits on the composite layer of air and surface textures.   
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Figure 43 : Wetting properties (a-advancing and receding contact angles, b-sliding angle) of 
P(PDMSMA) modified flat and rough structured surface with plain core-shell (PC) and  
raspberry-like (Rsp) particles. 
In order to explain the wetting behavior of the surface prepared from raspberry-like particles we 
have to consider their chemical and topographical characteristics of the surface. We modified 
them with hydrophobic P(PDMSMA) polymer, the intrinsic contact angle value is >110
o
. In 
combination with rough structure they are showing extreme hydrophobic behavior. The wetting 
behavior of 20 nm particles modified with P(PDMSMA) is comparable to the results of 
1
o
-2
o 
a 
b 
98 
 
Raspberry-like particle layers due to the tendency to form  large aggregates which have  
structures similar to raspberry –like particles.182  
3.2.6. Evaluation of Ice adhesion strength 
Ice adhesion strength of the raspberry-like particle layers have been determined and compared 
this result with flat and rough surface prepared with plain spherical particles, modified with same 
polymer P(PDMSMA) (Figure 44). It has been found that ice adhesion strength of these 
superhydrophobic surface prepared from the P(PDMSMA) modified 20 nm and raspberry-like 
particles is nearly the same and is almost 50kPa, which can be explained by their similar wetting 
behavior.  
 
Figure 44 : Plot of ice adhesion strength and sliding angle values (20 µl) of P(PDMSMA) 
modified flat and rough structured surfaces with plain core-shell (PC) and raspberry-like (Rsp) 
particles 
The minimal ice adhesion strength is observed in case of surfaces formed by 20 nm and 
raspberry-like particles due to the minimum contact area between the ice and the surface. It has 
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been observed that with increasing the roughness ice adhesion is decreased. For 20 nm small 
particles or raspberry like particles always from rough hierarchical fractal surface due to the 
tendency to form lager aggregates. From the sliding angle values, we found that water droplet is 
not staying to the surface since at a very low tilt angle (1-2
o
) they are slide off from the 
surface.
195
 It is evidenced that lowest adhesion of water droplet to the surface. Ice adhesion 
results again proved that these surfaces required very low force to delaminate the ice from the 
surface. Therefore, the freezing of water does not influence the properties the surface and water 
droplets cannot penetrate through the grooves of the structured surface, which results very low 
ice adhesion strength for these surfaces.  
3.2.7. Stability and robustness 
Stability of the surfaces obtained from raspberry-like particles has been measured by capturing 
optical microscopy and SEM images before and after ice adhesion measurements. We compared 
the results with 20 nm particle surface. We also investigated the robustness of the raspberry-like 
particles after the adhesion measurements (Figure 45).     
   
   
before after a 
b 
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Figure 45 : Representative optical microscopy images of the surfaces with (a) 20 nm 
P(PDMSMA) (b) Rsp-1000/100-P(PDMSMA) (c) Rsp-1000/200-P(PDMSMA) particles before 
(left) and after (right) ice adhesion strength measurements 
In order to understand the surface structure more deeply we investigated the surfaces under SEM. 
Representative SEM images are presented in the Figure 46. 
 
Figure 46 : Representative SEM images of the surfaces with (a) 20 nm P(PDMSMA) (b) Rsp-
1000/100-P(PDMSMA) (c) Rsp-1000/200-P(PDMSMA) particles before (left) and after (right) 
ice adhesion strength measurements 
before after 
c 
a 
b 
c 
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It has been observed   that surfaces prepared with P(PDMSMA) modified raspberry-like particles 
are more stable in compare to the 20 nm particles. In case of 20 nm particles large agglomerated 
structure has been found due to the physical binding whereas strong chemical binding is obtained 
for raspberry-like particles. After ice adhesion measurements all raspberry-like 1000/100 
particles are found to be more stable than 1000/200 due to the large surface area of 100 nm 
particles in compare to the 200 nm. Therefore, strong contact has been observed in between 100 
nm particles to the larger ones. Therefore, more robust surface is obtained from raspberry-
like1000/100 nm particles. 
3.2.8. Conclusion 
Another approach to design an ice-phobic surface with raspberry-like core-shell particles was 
demonstrated where 100 and 200 nm smaller particles chemically bonded to the larger (1000 nm) 
ones. For this purpose, chemically grafted thick polymer layer (65-70 nm) was synthesized on the 
big particle surface to couple small particles with them. We modified the raspberry-like particles 
with P(PDMSMA) and compare the results with plain core-shell particles. These particles retain 
their structure after ultra-sonication and exposure to the organic solvents. Finally, they were 
fabricated on the PGMA-coated wafer substrate to form mechanically stable ice-phobic coatings. 
We found that they showed very low ice adhesion strength due to their extreme hydrophobic 
behavior since they formed hierarchical rough fractal surfaces as 20 nm particles. The advantage 
of such type of surfaces was that they showed dual roughness in their surface structure in contrast 
to the plain core-shell particles (1000 and 200 nm).  We believed that water droplet does not 
penetrate trough the grooves of the surface structure and they required very low force to 
delaminate the ice because of the low contact area between the ice and the surface. Raspberry-
like 1000/100 nm particles were more stable in compare to the Rsp-1000/200 nm and 20 nm 
particles due to the strong chemical bonding between100 nm particles to the larger ones. We can 
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conclude that, the use of the raspberry-like 1000/100 nm particles are promising to design ice-
phobic surfaces and this could be a new insight for an alternative approaches to solve the problem 
of icing. 
3.3. Inverse porous structured surface 
3.3.1. Introduction 
Patterned surfaces have considerable interest in many applications such as microelectronics, 
microfluidic devices, printing technology, functional coatings and for bio technological 
applications.
170, 196, 197, 198, 199
 There are several approaches to prepared such  surfaces, like inverse 
colloidal templating
128
 or by using ordered array of PDMS post
200
 or by combination of 
photolithography and chemical etching process.
201
  
A wide variety of patterned surfaces has been prepared towards mechanically stable robust 
coatings to a broad technological aspect, from solar cell coatings to self-cleaning optical 
devices.
128
  Inverse porous structured surface based on colloidal templating has been prepared to 
design a new generation of ice-phobic materials. This is a simple and effective approach to 
design a structured regular surface for larger area anti-icing application. Here we have employed 
colloidal templating to design such types of porous structured surface. The underlying principle is 
to design those surfaces is aim to reduce the contact points of a liquid droplets by introducing 
such roughness features. Thus, liquid droplet will stay on the solid-air composite surface which 
enables an easy removal of droplets to create a liquid repellent surface.
71, 202, 203
   
In this work, a new approach to design such surface has been suggested by using colloidal 
particles, where pore sizes and roughness can be varied by varying particles sizes. PS inverse 
patterned surfaces have been prepared on silicon wafer substrate. PS-modified spherical core-
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shell particles have been used to form the inverse structure, where they serve as a colloidal 
templating.  
3.3.2. Experimental 
Materials 
Highly polished single-crystal silicon wafers of (110) orientation (Semiconductor Processing Co.) 
were used as a substrate. Ethanol abs. (EtOH, VWR, 99.9%), 3-aminopropyltriethoxysilane 
(APS, ABCR, 97%), hydrogen peroxide (VWR, 30%), ammonia hydroxide (Acros Organics, 
28−30 wt %), α -bromoisobutyryl bromide (Aldrich, 98%), ethyl- α -bromoisobutyrate (EBiB, 
Aldrich, 98%), (Tridecafluoro-1,1,2,2-tetrahydrooctyl) dimethylchlorosilane (FSI, ABCR, 97%), 
 anhydrous dichloromethane (Fluka), triethylamine (Fluka), copper(II) bromide (Aldrich, 
99.999%), tin(II) 2-ethylhexanoate (Aldrich, 95%), N,N,N′,N″,N″-pentamethyldiethylenetriamine 
(PMDTA, Aldrich, 99%), N,N-dimethylformamide (DMF, Aldrich, 99.8%), tetraethyl 
orthosilicate (TEOS, Aldrich, 99%), poly styrene(PS, Mn: 158000, BASF ), Hydrofluoric acid 
(HF, Sigma-Aldrich, >48%), toluene (Aldrich, 99.8%), styrene (Sigma-Aldrich) was distilled 
under nitrogen steam prior to the polymerization.  
Modification of spherical particles with styrene 
Bromo-initiator modified spherical silica particles (either1000nm or 200nm) were dispersed in 4 
ml styrene, 100 µl of CuBr2 (0.1M in DMF), 100 µl of PMDTA (0.5M in DMF) and 0.15 µl of 
EbiB in a sealed test tube with a magnetic stirrer. The reaction mixture was purged with argon for 
10 min to remove the excess oxygen inside the reaction tube. To initiate the polymerization 300 
µl of the reducing agent Tin-2-ethylhexanoate was added into the reaction mixture. Then the test 
tube was heated up to 90
o
C in an oil bath for 1h. The particles were separated by centrifugation 
after termination of the polymerization. Finally, washed them several times with Toluene and 
chloroform and dried under vacuum at 40
o
C during overnight.  
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3.3.3. Preparation of Inverse Surfaces 
We prepared the inverse structured surfaces on PS layer due to the hardness of the material in 
room temperature. Since, the glass transition temperature of PS (Tg=105
o
C) is higher than the 
room temperature, so we can prepare the desired geometry of the surface by melting of the layer 
and cooled down to the room temperature. We tried with PDMS layer but collapse structure was 
found due to the soft and rubbery behavior of the material. One could prepare with PDMS by 
crosslinking of the layer but it was very difficult to control the geometry of the surface structure.  
Highly polished single-crystal silicon wafers were used as a substrate for the preparation of 
inverse structured surfaces by using inverse colloidal templating. Cleaned wafers were 
immobilized with a thick and uniform PS layer via spin coating. For this purpose, 5 wt% PS 
solution in toluene was prepared and passed through a filter paper. This solution was dropped 
onto the wafer surface during spinning at a constant rate (2000 rpm accelerated with 1900 
R/sec
2
). The thickness of the obtained PS layer was measured to be around 200 nm. Then, 10 
wt% dispersion of the PS-modified silica particles were dried on the PS-coated wafer, and then 
annealed at 150 °C for 2 h in a vacuum oven. During annealing particles were immerged into the 
PS layer due to the melting of this layer. Afterwards, the particle layer was destroyed by chemical 
etching to the surfaces with hydrofluoric acid (HF). Finally, the prepared inverse structured 
surfaces were rinsed several times with ethanol and distilled water. Topography and roughness of 
the prepared surfaces were measured through SEM and AFM characterization techniques. From 
the SEM images we found that the cross-sectional height of the pores for 1000 nm particle is 
around 700 nm where for 200 nm it is around 1050 nm due to the different penetration behavior 
of the particles. Lager particles penetrate into the PS layer as a single layer particle film during 
melting of the polymeric layer whereas smaller particles enter as a multilayer structure. This 
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behavior results nice monolayer inverse structured surface from 1000 nm larger particles and 
multilayers porous structure from 200 nm smaller particles.     
 
Figure 47 : (a) Scheme of the preparation of the patterned surfaces by using layers of modified 
spherical particles as templates. Representative SEM images of the inverse surfaces based on (b) 
1000 nm and (c) 200 nm particles. (d) Representative AFM images of the surfaces with 1000 nm 
PS-modified particles, (e) inverse surfaces after etching of the 1000 nm particles and (f) 200 nm 
particles.  
The roughness parameter of these surfaces can be estimated on the basis of their geometry. 
Surfaces from spherical particles and inverse surfaces possesses the estimated roughness factor 
rs=1.9, which is independent of the particle diameter.
181
 The RMS roughness of inverse 
a 
b 
c 
d e f 
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structures, which was estimated in a similar way, is Rq = 0.3 R.
175
 The estimated roughness 
values and the roughness obtained from AFM measurements were summarized in the Table 6.  
Table 6 : Theoretically estimated and measured roughness parameters of layers prepared from 
spherical particles and inverse structures 
Surface Rq, nm rs 
 Estimated measured estimated measured 
Particles 1000 nm 270 120 1.9 1.3-1.4 
Particles 200 nm 54 30 1.9 1.2 
Inverse, 1000 nm 150 300 1.9 1.7 
Inverse, 200 nm 30 89 1.9 1.3 
 
3.3.4. Lubricated surfaces from Inverse structure 
Liquid infused porous surface was quite successful in the field of ice-phobic application.
13, 109
 
Low surface energy silicone oil (~ 15mNm
-1
)
204
 was used as a lubricant to develop such kind of 
surfaces. It was applied on the inverse structured surface to produce nontoxic oil infused ice-
phobic surfaces. Previously, Aizenberg et al.
128, 205
 have been used perfluorinated lubricant such 
as Krytox101 and 103 for this purpose. These are chemically hazardous and not suitable for the 
application of environmentally viable materials. Instead of that we used silicone oil which is 
nontoxic and also inexpensive to prepare ice-phobic materials for large area outdoor application. 
In order to prepare them inverse structured surfaces were exposed to FSI to chemisorb a thin 
layer on the surface at 100
o
C during 4 h in a vacuum oven. This layer was induced the interaction 
between hydrophobic silicon oil lubricant and the inverse surface. The lubricant was impregnated 
through the pores of the inverse surface and excess lubricant was removed by vertically placed 
the sample until no microscopic movement of the lubricant has been observed.
13, 108, 205
 The 
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estimated thickness of the lubricant was measured, based on weight change, substrate size and the 
density of the lubricant. 
3.3.5. Wetting properties of inverse and lubricated surfaces 
Wetting properties of prepared inverse structured and lubricated surfaces were investigated by 
using contact angle measurements via drop shape analysis method. The results of advancing and 
receding contact angles are presented in the Figure 48a. It was found that the advancing and 
receding contact angle on a rough PS-modified particle surface is ca. 130° and in the range of 
60°-90°, respectively. The values of advancing and receding contact angles on surfaces with 
inverse patterns are slightly higher than on surfaces formed by particles. After lubrication, both 
surfaces were showing almost same advancing and receding value, which are lower in compare to 
the particle layers and inverse surface but they have very low hysteresis value is around 1
o
-2
o
. We 
have measured sliding angle values for all of these samples, which showed lowest value obtained 
from lubricated surfaces due to their minimum contact angle hysteresis (Figure 48b). 
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Figure 48 : Wetting properties (a-advancing and receding contact angles, b-sliding angle) of PS 
modified flat and rough structured surface with plain core-shell (PC-1000, PC-200) and  Inverse 
structured (Inv-1000, Inv-200) and lubricated surfaces (Inv-1000-L, Inv-200-L).  
According to the Wenzel and Cassie-Baxter  model,
53, 56
 PS is not a truly hydrophobic polymer 
(cos θ = 0), and  the contact angle on a PS surface must be independent of roughness. The 
observed effect was already reported elsewhere,
181
 and its origin is a deviation of the contact 
angle from the equilibrium state. There is not so much difference in advancing and receding 
contact angle values for particle layers and inverse structured surfaces but lubricated surfaces 
shown lower advancing and receding value with minimum contact angle hysteresis. From the 
a 
b 
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sliding angle values, we can conclude that with increasing droplet size from 5 to 20 µl, the values 
will decrease monotonically irrespective of the structure of surfaces. Water droplet cannot stay on 
the lubricated surface due to its lowest possible sliding angle values. 
3.3.6. Evaluation of Ice adhesion strength 
Ice adhesion strength on inverse structured and lubricated surfaces were examined and compared 
them with flat and rough surface prepared with plain spherical particles. Lowest ice-adhesion 
strength was found from the lubricated surfaces is around 10kPa whereas surfaces with particle 
layers and inverse structured has almost similar ice-adhesion strength value. Surfaces formed by 
plain 1000 nm particles or inverse surfaces with the same dimension have shown an increasing 
trend of ice-adhesion strength in compare to flat surface whereas the values are remains 
unchanged in case of surfaces prepared from planar 200 nm particles or inverse surface with the 
same dimension (Figure 49). 
 
Figure 49 : Plot of ice adhesion strength and sliding angle values (20 µl) of PS-modified flat and 
rough structured surface with plain core-shell (PC-1000, PC-200) and  Inverse structured (Inv-
1000, Inv-200) and lubricated surfaces (Inv-1000-L, Inv-200-L).  
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We observed that increasing roughness results in increase ice adhesion strength on rough PS 
surfaces prepared from 1000 nm particles, as well as on inverse structures with 1000 nm pores 
but it does not affect that much to the values of ice adhesion strength for 200 nm particle layers or 
inverse with 200 nm pores. High adhesion strength of ice on PS surfaces formed by larger 
particles can be explained by the penetration of water through the pores between the particles and 
also into the pores of inverse structure due to gravity.
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 They will form a strong mechanical 
contact between ice and the surface during freezing. On the other hand, water droplets cannot 
enter into the narrow pores between the 200 nm smaller particles or inside the narrow pores of 
inverse structure, which results reduced ice adhesion strength. Adhesion strength of ice to the 
lubricated surfaces is quite low as they have minimum sliding angle values (2-4
o
).  There are two 
main reasons to show the lowest value of ice-adhesion strength and sliding angle for lubricated 
surfaces. Firstly, the lubricating fluid is completely immiscible to the repellent fluid (water or ice) 
and, secondly, after impregnated with the lubricating fluid either surface roughness or surface 
chemistry did not noticeably affect the sliding behavior of water droplet or removal of ice from 
the surface.
13, 101, 109
  
 
3.3.7. Stability and robustness 
Stability of the inverse surfaces based on 1000 nm and 200 nm particles was proved by capturing 
the optical microscopy and SEM images before and after ice adhesion measurement.    
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Figure 50 : Representative optical microscopy (a, b) and SEM images (c, d) of the inverse 
surface based on 1000 nm (a, c) and 200 nm (b, d) particles before (left) and after (right) ice 
adhesion strength measurements 
SEM images of the surfaces before and after ice adhesion measurements confirmed that no 
significant damages were found in their surface geometry.  Inverse surfaces based on 200 nm 
a 
b 
c 
d 
before after 
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particles were more stable compare to the 1000 nm particles due to their smaller pore size and 
multilayer surface structure. In case of 1000 nm inverse surface, because of the large pore size 
penetration of the water into the pores occurred and bit damages were found during removal of 
the ice cylinder. Images from lubricated surfaces were not presented here due to the insignificant 
differences in their surface morphology before and after the measurement.    
3.3.8. Conclusion 
We have demonstrated a new approach to design PS modified inverse lubricated surfaces by 
using inverse colloidal templating. This method is industrially relevant and reproducible for 
larger area applications. We prepared two kinds of inverse structured surfaces with varying their 
pore size based on 1000 and 200 nm particles on PS layer. Lubricant impregnated inverse 
surfaces have also been prepared from them by applying silicon oil. We have compared the 
results with structured surfaces based on plain core shell particles with similar size. Inverse 
surfaces with 200 nm pores have shown better wetting and ice phobic properties in compare to 
the inverse surface prepared with larger particles due to the penetration of water droplets through 
the larger pores. Finally, the lubricated surface has shown very low ice adhesion strength in 
compare to the others due to the lowest possible contact points of the ice to the surface. Inverse 
surface with 200 nm pores has shown better stability compare to the larger ones. Stability of the 
lubricated surfaces is not good enough as compare to the inverse surface. So, it can be conclude 
that the use of inverse structured surface with 200 nm pore dimension or lubricated surface has a 
promising behavior towards the design of ice-phobic surfaces.  
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3.4. Evaluation and comparison of ice-phobic properties of all systems 
We have demonstrated flat and rough structured surfaces with varying surface chemistry, 
roughness and elasticity of the surface. Surfaces modified with hydrophilic polymer P(PEGMA) 
has been carried out to compare the ice-phobic behavior systematically from hydrophilic to 
hydrophobic ones. Another reason to prepare hydrophilic surfaces is that they can delay the ice 
nucleation formation by freezing point depression due to the formation of strong H-bonding with 
the water molecule. We have chosen hydrophobic polymers with different surface chemistry and 
softness of the material.  P(PDMSMA) is more soft material (Tg= -125
o
C) in compare to the 
other hydrophobic systems PLMA ( Tg= -35
o
C) and PS (Tg= 105
o
C).  Elastic modulus of the 
polymer increases from P(PDMSMA) (E= 360-870 kPa) to PS (E= 1.9-2.9 GPa) it effects 
strongly to the geometry of the surface structure. Stable inverse structure has been prepared from 
hard PS surface but it cannot be obtained from soft P(PDMSMA) due to the low elastic modulus.. 
Structured surfaces have also been prepared with varying particle size (1000, 200, 20 nm) and 
geometry (Plain core-shell and raspberry-like particles) which have a strong influence in their 
roughness parameters and final properties. They have different wetting and ice-phobic behavior 
due to their varying contact area between impinging water droplet to the surface. Lubricated 
surfaces have been prepared from the inverse structure with different pore size (1000, 200 nm). 
Robustness of the surfaces have also been investigated and compared where we found structured 
surfaces with smaller particles showed better stability than larger ones. In this chapter, we have 
compared the ice-phobic behavior (freezing and thawing, ice growth rate and ice adhesion 
strength) of all flat, structured and lubricated surfaces with varying surface chemistry, roughness 
and elasticity.   
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3.4.1. Freezing and thawing experiments 
We have investigated and compared the mechanisms of ice formation process on flat and rough 
structured surfaces. It has been found that freezing of condensed water droplets on the flat 
hydrophilic surfaces bit faster in compare to the flat and rough hydrophobic ones.  Mechanism of 
formation of the ice layer is different on flat and rough hydrophilic P(PEGMA) surfaces than 
hydrophobic P(PDMSMA) and PLMA surfaces. Continuous water layer has been formed on the 
P(PEGMA) surfaces whereas small droplets have been found on the P(PDMSMA) and PLMA 
surfaces at the beginning of  condensation process (Figure 48). Growth of these droplets has 
been occurred by collapsing the neighboring droplets on the surface with increasing time. 
Therefore, on the hydrophobic surfaces ice crystals formed with little delay due to the droplet 
morphology which reduced the contact area and heat transfer from the surfaces to the ice.  
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Figure 51 : Optical microscopy images of water droplet condensation and their freezing on 
different polymeric surfaces. 
Melting of ice layer on hydrophobic surfaces formed small droplets which are pinning to the 
surfaces in contrast to the hydrophilic ones where thin layer of water helped to remove the whole 
layers. Easy removal of ice layer was also observed on lubricated surfaces due to the very low 
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adhesion of ice to the surfaces. Whole freezing and melting process of condensed water droplets 
on the surfaces were investigated and summarized them in the Figure 51.  
 
Figure 52 : Photo images of PS, P(PEGMA), P(PDMSMA) and PLMA flat and rough surfaces 
during freezing (down to -15°C) and thawing (4°C). 
   
To understand the melting behavior more intensively, this phenomenon was observed under 
optical microscope. Representative images are presented in the Figure 52 where freezing and 
thawing of condensed water droplets on PLMA and P(PEGMA) modified surfaces have been 
occurred.  
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Figure 53 : Comparative study of freezing and thawing of PLMA and P(PEGMA)  modified flat 
surfaces and thawing of ice crystals on a flat PS surfaces (optical microscopy images). 
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It has been shown that after thawing frozen ice crystals on PLMA or PS modified surfaces 
formed discrete water droplets and they will refreeze again if we go down the temperature below 
the dew point of water. On the lubricated surfaces ice layer was completely removed after 
melting (Figure 52). Only few droplets were found due to the inhomogeneous lubricant layer at 
the edge.         
3.4.2. Evaluation of the Ice growth rate 
We have summarized the ice growth rate and ice layer thickness on flat, rough structured and 
lubricated inverse surfaces. It has been found that ice growth rate on P(PEGMA) modified 
surfaces is quite higher than P(PDMSMA), PLMA and PS modified surfaces. Ice layer thickness 
is also higher in case of P(PEGMA) modified flat and rough surfaces (Figure 54a). Since, the 
mechanism of ice growth on these surfaces is involved with the formation of ice layer on the bare 
surfaces and already growth ice crystals, therefore, the growth rate and amount of ice is higher. In 
case of lubricated impregnated inverse surface, ice growth rate and amount of ice after 4 hours is 
almost same in compare to other PS modified flat and rough surfaces (Figure 54). It can be 
explained by similar hydrophobic behavior of such kind of surfaces. After penetration of the 
lubricant through the grooves of the surface structure the roughness was not varied too much. 
Therefore, they have similar wetting properties and almost same values of ice growth rate and ice 
layer thickness.      
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Figure 54 : Kinetics of ice growth (a – change of ice weight with time, b – ice growth rate) of 
P(PDMSMA), PLMA, PS and P(PEGMA)-modified flat and rough structured and Inverse 
lubricated surfaces. 
3.4.3. Comparison and correlation between the wetting properties and ice-phobic behavior 
We investigated the correlation between the wetting properties of the surfaces and their ice-
phobic behaviour (ice growth rate, and adhesion). It was found that the increase in the cosine of 
advancing contact angles (decrease of advancing contact angles) results in a slight decrease of ice 
adhesion (Figure 55a) and a strong increase of the ice growth rate (Figure 55d). On rough 
a 
b 
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surfaces, an increase in the cosine of advancing contact angles results in an increase of both ice 
adhesion (Figure 55b and c), and the ice growth rate (Figure 55e and f).  
 
Figure 55 : Correlation between ice adhesion, ice growth rate and cosine of the advancing 
contact angle for different surfaces. 
Finally, we correlated the results of ice adhesion and the ice growth rate in one plot (Figure 55g). 
From this plot one can clearly observe that the superhydrophoic surfaces prepared with 
P(PDMSMA) modified 20 nm and raspberry-like core-shell particles demonstrated the best ice-
phobic behavior, and have the lowest ice adhesion and ice growth rate. All P(PDMSMA) 
modified surfaces have shown better ice-phobic behavior in compare to the other surfaces 
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prepared with PLMA and PS due to the soft and elastic behavior of the materials. This might be 
due to the lubricant effects of the soft P(PDMSMA) which  has not been found for hard PS 
surfaces. The rough hydrophilic surfaces prepared with plain core-shell 1000 and 200 nm 
P(PEGMA) particles are the worst ones, since both ice adhesion and ice growth rate are the 
largest. Surfaces modified with smaller particles (200 nm) always showed better stability and ice-
phobic behavior than the larger ones (1000 nm) due to their compact multilayer structure. They 
have lower ice adhesion strength as the contact area between the surface and the ice layer is 
minimal. Same behavior has also been observed for inverse structured where surfaces with 
smaller pores (200 nm) have better ice-phobicity in compare to the larger ones (1000 nm) due to 
the penetration of the water droplets through the larger pores.  Lubricant impregnated inverse 
surfaces have very low ice growth rate and ice adhesion strength due to the minimum contact 
angle hysteresis value although stability of these surfaces are not as good as compare to the 
particle and inverse layers. They have low adhesion to the impacting water droplets and ice due 
to the huge difference in their surface energy.     
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4. Summary and outlook 
The aim of this thesis was to design multifunctional surfaces with controlled wettability and ice 
adhesion by using hybrid core-shell colloidal particles. For this purpose, synthesis of core-shell 
particles, development of  functional surfaces and systematic investigation of the effects of 
surface geometry/ topography along with chemical properties on the formation of the ice layer, its 
growth, adhesion, as well as thawing has been carried out in this work.  
In order to achieve these goals, first, polymer brushes have been synthesized successfully on flat 
and particle surfaces by using ATRP procedure. Robust raspberry-like particles have also been 
synthesized by coupling of smaller particles (100 and 200 nm) to a bigger one (1000 nm) by 
utilizing the polymer brushes. Quality of the synthesized particles and fabricated surfaces 
prepared with them has been characterized by using several advanced analytical tools. SEM and 
AFM measurements provided the topography of the surface structures. Investigation of the 
wetting properties has been done by using DSA measurement techniques. All ice-phobic 
measurements have been carried out by using in-house devices in IPF. Surface structure and 
roughness of the prepared surfaces have been varied by varying the particle sizes (1000 nm, 200 
nm and 20 nm) and geometry (plain spherical and raspberry-like) with various surface chemistry 
(P(PDMSMA), PLMA, PS and P(PEGMA). To understand the effect of elastic properties on the 
ice-phobic behavior we have modified them with soft P(PDMSMA) polymer to hard PS. The 
effect of surface functionality and topography on the final properties of the fabricated surface 
such as wettability and ice-phobic properties has been studied. For this purpose, we have 
investigated freezing and thawing behavior, kinetics of the ice growth and ice adhesion strength 
measurements on regular and irregular structured surfaces fabricated from these hybrid core-shell 
particles.  
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Experimental results demonstrated that freezing behavior of the condensed water droplets on the 
surfaces showed that the size of the ice crystals are more spherical on hydrophobic 
(P(PDMSMA), PLMA and PS) surafces whereas more flatter droplets have appeared on the 
P(PEGMA) modified surfaces. Furthermore, freezing of water droplets on hydrophobic surface 
occurs later in comparison to hydrophilic surfaces because of their rounded shape and slower heat 
exchange. The rate of ice growth on hydrophobic surface is slower than on hydrophilic ones, 
since on hydrophilic surface ice grows both on bare and on ice crystals which have already 
formed but for hydrophobic ones ice grows only on the already formed ice crystals. According to 
the ice adhesion strength results, superhydrophobic surfaces developed with PDMS modified 
particles (20 nm and raspberry-like) and inverse lubricated surfaces have lowest adhesion (6 
times lower) in comparison to others due to the very low contact angle hysteresis value for both 
of them. 
After melting of ice layers small individual droplets were found, which are immobile on 
hydrophobic surfaces, and form a thin mobile water layer on hydrophilic ones. This thin layer of 
water acts as a lubricant to easy removal of the ice layers for hydrophilic surfaces. For super 
hydrophobic surfaces whole ice layer is folded off from the surface due to the smaller contact 
area between the ice layer and substrate which leads to low ice adhesion strength for them.  
It can be conclude that hydrophobic surfaces were better to reduce ice growth and adhesion but 
they were not promising to clean the surface after defrosting. Pinning of the water droplets was 
observed on the hydrophobic surface in contrast to hydrophilic ones. So, neither purely (super) 
hydrophobic polymeric surfaces, nor “antifreeze” hydrophilic ones provide an ideal solution for 
the problem of icing. We also observed that coatings with smaller particle systems were more 
stable in comparison to the larger ones. Smaller particles (200 and 20 nm) were more promising 
for the future application. Surface prepared with P(PDMSMA) modified  raspberry-like 1000/100 
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particles has better stability and lower ice adhesion strength in comparison to the rsp-1000/200 
ones due to the weak binding force between 200 nm particles to the larger ones. Lubricant 
impregnated inverse surface has shown quite auspicious behaviour towards ice-phobic 
application. The main disadvantage of this kind of surfaces is that they have low mechanical 
stability. After interlocking to the surface structure the stability could be improved but it is better 
to avoid them for long term outdoor application. 
 
Figure 56 : Scheme of the parameters influence the ice-phobic behavior of flat and rough 
structured surfaces. 
In summary, ice-phobic surfaces with functional particles have been successfully prepared. They 
have quite promising chemical and mechanical stability and also good degree of large area 
fabrication scalability. Therefore, this process can be industrially viable from the application 
point of view. Although certain approaches to prepare these surfaces need to be improved, the 
125 
 
idea to develop ice phobic surface with modified colloidal particles has been successfully 
achieved by this work.  
Outlook 
Considerable effort should be utilized further to establish a system with higher potential and 
improved stability for the future application of the colloidal particles as ice-phobic surfaces. For 
this purpose, some approaches must be upgraded in order to develop suitable surfaces for real 
anti-icing application. Specially, development of ice phobic surfaces with chemical and 
topographical heterogeneity could be promising for that. This type of surfaces could be prepared 
by mixing of two types of modified particles (hydrophilic and hydrophobic) with different mixing 
ratios. Instead of pure hydrophobic coatings the development towards combined hydrophilic-
hydrophobic surfaces has several advantages such as it can provide both delay of ice nucleation 
(freezing point depression by hydrophilic component) as well as lower ice adhesion strength 
(reduced contact area by hydrophobic component). Proposed scheme to prepare chemically 
heterogeneous surface is presented in the Figure 57. 
 
 
Figure 57 : Scheme of the heterogeneous surface preparation by solvent casting method using 
dispersion of P(PEGMA)(blue) and P(PDMSMA)(red) modified core-shell spherical particles. 
Particle deposition 
 Annealing (150
o
C/2 hour) 
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Figure 58 : Representative Raman images of the surfaces prepared from the mixture of 
P(PEGMA) and P(PDMSMA) modified  core-shell particles with different mixing ratio of  1:3, 
1:1 and 3:1 (a, b, c) for 1000 nm  spherical particles. 
Chemical heterogeneity of the surface can be confirmed by AFM and Raman imaging techniques 
(Figure 58). We can vary hydrophilic and hydrophobic domain sizes by simply varying their 
mixing ratios. They can typically behave according to their corresponding domain size. So, by 
changing the hydrophilic-hydrophobic domain sizes we can control the freezing kinetics, size and 
density of the ice crystals which will govern the adhesion between the ice and the substrates. 
According to the heterogeneous nucleation theory, there is a possibility to direct the nucleation 
sites to designated areas during freezing. The water in the air can preferentially condense on the 
hydrophilic areas during frost formation. Thus, control over the onset of frost nucleation can be 
achieved which will help to decide the size, shape and location of the frost nucleation. This 
phenomenon can help to decrease the density and improve the efficiency to remove the frost 
layer, as well as delay its formation. Therefore, according to this theory and some preliminary 
a b c 
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results obtained from the ice-phobic testing we can suggest that it is possible to develop ice 
phobic surface with combination of two types of domains (hydrophilic and hydrophobic). 
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